VINOD KUMAR BANSAL 



C ^\ DEPARTMENT OF METALLURGICAL ENGINEERING 

INwu.. 4 INSTITUTE OF TECHNOLOGY KANPUR 

SEPTEMBER, 1975 



^LECTOR FR( 

IN A FLOTATION 


, i’ER ACTION 




iVi 


A Thesis Submitted 

in partial Fulfilment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY" 


By 

VINOD KUMAR BANSAL 


to the 


DEPARTMENT OF METALLURGICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

SEPTEMBER, 1975 




h P!'£? 




11 


CERTIFICATE 

Certified that this work on * C ollector-Fr other 
Interaction in a Flotation System*,, has been carried out 
under our supervision and that it has not been submitted 
else whore fl-r a degree. 


( A • K * B isw as ) 

Profess or 

Dept * of Metallurgical Engg* 
Indian Institute of Tech*, 
Konpur-20801 6 






(D, B alasubraman ian ) 
Assist ant Profess or 
Department of Chemistry 
Indian Institute of Technology, 
K anpur-20801 6 




< A 


Of 





s 


n* a ccnuua)' 


| J- J rvf*)f 


noer 



ACKNOWLEDGEMENTS 


The author expresses his deep gratitude and appreciation 
to Prof. A.K. Biswas and Prof. D. B alas ubr amanian under whose 
guidance this work reached its successful completion. Their 
lively interest, constructive criticism and sound guidance 
have been instrumental in shaping this dissertation in its 
present form. Their constant encouragement and amiable 
counsel were the sustaining factors throughout the course of 
these investigations. 

Thanks are also due to Dr. T.W. Me gee of the Dow 
Chemical Co., Michigan, USA for providing highly purified 
nonionic surface active reagents without which this work would 
not have been possible. 

The help rendered by Mr. B.P. Srivastava of C.D.R.I. 
Lucknow, during the course of NMR studies is gratefully 
acknowledged. 

The author gratefully acknowledges the help rendered by 
Mr. V.P. Gupta, Dept, of Metallurgical Engineering in the 
fabrication of the light-scattering filter assembly. 

The author expresses his gratitude to all his colleagues 
in the Department of Metallurgical Engineering and the Departmei 
of Chemistry whose love and affection for him had always been 
ouerwhe lming . 



CONTENTS 


C hapt er 


I . 


II. 


Ill . 


v 


F 1 age 


LIST OF TABLES 
LIST OF FIGURES 
SYNOPSIS 


INTRQDUCTI ON 

1.1 Froth Flotation 

1.2 Surface Active Reagents and Surf ac 
Activi ty 

1.3 Hemi-Micells Concentration 

1.4 Micellisat ion 

1.5 Philosophy of the Problem 

1.6 Statement of tho Problem 
References 


MATERIALS 
1 1 . 1 Minerals 

11. 2 Collectors 

11. 3 Frothers 

11. 4 Other Chemicals 


COLLECTOR-FROTHER INTERACTION AT CVCTrM 
DIFFERENT INTERFACES IN A FLOTATION S.5TEM 


III.1 Introduction 

HI. 2 Interaction at the L iquid -G os-Inte r < acu 
1 1 1. 3 Interaction at Liqu id-S ol io — Air 


I nterf aces 


III. 4 Interaction at the Liquid-Solid 
I nterf ace 


III. 5 Discussion 
References 


23 

25 

30 

39 

47 

53 



V 


C h apt e r 
IV. 


V. 


VI. 


Laas. 


CONDUCTIVITY MEASUREMENT OF COLLECTOR- 
FROTHER INTERACTION 


IV . 1 

I n trod u c ti on 

5 6 

i — t 

< 

e 

ro 

Expe r irne n c a 1 

60 

IV . 3 

Results and Discussion 

60 


References 

71 

LIGHT -SCATTERING STUDIES ON THE SIZES aND 
SHAPES OF THE MICELLES OF PPG, AND ON THE 
INTERACTION BETWEEN PPG AND IONIC SURFACT 

ANTS 

V.1 

Introduc ti on 

76 

V. 2 

Experimental 

86 

V .3 

Results and Discussion 

91 


References 

1 2 5 

COLLECTOR-FROTHER INTERACTION IN THE BULL 
PHASE AS MONITORED BY NUCLEAR MAGNETIC 
RESONANCE 


VI. 1 

Introduction 

1 . 0 

VI. 2 

Experiment al 

' 33 

VI. 3 

Results and Discussion 

1 3 A 


Reference s 

1 5 J 

SUMMARY AND CONCLUSIONS 

1 53 


APPENDIX EXPERIMENTAL DATA 


162 



vx 


LI5T OF TABLES 


T able 


P age 

3 . 1 

Adsorption of Non ionic Froth or on Rutile 

Surface 

46 

4.1 

Ef F oc'c of Nonionic (PPG) on |\ Value of 

Nn-DBS ax 35 3 C ° 

69 

5.1 

Scattering Function and Radii of Gyration 

For Various Structures 

84 

5.2 

Molecular height f Radius of Gyration and 

Number of Monomer of Micelles 

1 1 5 

6 . 1 

NMR Spectral Features of Mixtures of Na-DESS 
and PPG- 3 

1 36 

6.2 

NMR Spectral Features of Mixtures of Na-DBS 
and PPG-4 

137 

I . 

Surface Tension Values of Sodium Oleate 
Solutions 

1 63 

II . 

Surface Tension Values for Pure Low Molecular 
Weight Nonionic (PPG-3) 

1 64 

Ill . 

Surface Tension Values for Pure High Molecular 
Weight Nonionic (PPG-1) 

1 65 

IV . 

Effect of Nonionic on Surface Tension of 

Sodium Oleate Solution 

1 66 

V. 

Effect of Sodium Oleate on 5urface Tension 
Values of Nonionics 

1 67 

VI . 

Effect of Collector Concentration on Flotation 
Recovery of Calcite 

1 68 

VII. 

Effect of Collector Concentration on Flotation 
Recovery of Calcite 

1 69 

VIII. 

Effect of Collector Concentration on Flotation 
Recovery of Calcite (Nonionic Concentration 
= 5,14 x 1 m/ 1 ) 

1 69 



V 11 


Table 


P aq e 

IX, 

Effect of Collector Concentration on notation 
Recovery of Calcite (Nonionic Concentration 
= 2.78 x IQ” 4 m/1) 

1 70 

\/ 

A a 

Effect of Nonionic (PPG-3) on Flotation 

Recover'; cf Calcite (No-DBS Concentration 
= 7.45x1 Q- 5 m/1) 

171 

XI. 

Effect of Nonionic (PPG-3) on Flotation 

Recovery cf Calcite (Na-DB5 C once nt r at ion 

1 . G2 x 1 0“ 4 m/1 ) 

1 72 

XII. 

Effect of Nonionic (PPG— 4) on Contact Angle 
in the System Rutile-Sodium Qleatu-Air 

1 73 

XIII. 

Adsorption of Sodium Ole ate on Rutile (Direct 
Adsorption Method) 

1 74 

XIV , 

Effect of Nonionic (PPG-3) on Adsorption cf 
Sodium Oleate on Rutile (Direct Adsorption 

Met hod ) 

1 75 

XV. 

Effect of Nonionic (PPG-4) an Adsorption of 
Sodium Qlente on Rutile (Direct Adsorption 
f-leth od ) 

176 

XV I . 

Specific C onc j uc tiv ity Deta for Na-DBS Solution 
Alone And in Presence of Nonionic (PPG-4) 

1 77 

XVII . 

Specific Conductance Values of Na-DBS Solution 
in Presence of Nonionic (PPG-3) Surfactant 

1 79 

XV III. 

hc /At 0 Values of PPG-3 Micelles 

1 81 

XIX . 

HC/^_\'r Values of FPG-4 Micelles 
© 

1 82 

XX . 

HC/^Axj, Values of Sodium Dodecylc Benzene 

Sulfonate (Na-DBS) Micelles 

1 83 

XXI . 

Effect of Na-DBS (Concentration = 2.55 x 10 ^m/l) 

on HC//t.x.~ Values of PPG-4 Micelles 
c 

1 84 

XXII . 

-5 

Effect of Na-DBS (Concentration = 5x10 m/1) 

an HC/X Values of PPG-4 Micelles 

6 

1 85 

XXII I . 

Effect of Na-DB5 ( C once nt rat i on = 5x1 0 - ^ m/1) 
on HC/At., Values of PPG-3 Micelles 

1 86 


tj 



V 


Toole 



XXIV . 

Effect of Na-DBS (Concentration = 6.5x10 ^ m/1) 

on HC//\ia Values of PPG-3 Micelles 
~ b 

1 67 

:/v. 

Par tic lr. Scattering Factor Values of rfG-3 

Mice 11 os 

1 6 3 

XXVI . 

Particle Scattering F -ctor Values of PPG-4 
Micelles 

1 69 

XXV 1 1 . 

Effect of Sodium Oleatc (Concentration 
= 1 q~ 5 in/ 1 ) o n HC/at^ Values of PPE-3 Micelles 

1 90 

XXV 1 1 1 

.Effect of Sodium Olecto (Concentration 
= 5x10“^ m/ 1 ) on HC /jy% . Values of PPG -3 

Micelles 

191 

XX IX. 

Effect of Sodium Oleate (Concentration 
- 10“^ m/1) on HC/at^ Values of PPG-3 Micelles 

e 

1 Q2 

XXX. 

Effect of Sodium Oleatc (Concentration 

= 1 0~^ m/1) on HC//\,r- Values of PPG-4 Micelles 

b 

1 9 3 

XXXI . 

Effect of Sodium Oleatc (Concentration 
= 5 x 10“^ m/1) on HC/l't- Values of PPG -4 
Micelles ^ 

1 94 

XXXII . 

Effect of Sodium Oleate (Concentration 

= icr 4 m/1) on HC /at,. Values of PPG-4 Xlccllcs 

b 

1 95 



ix 


LIST OF FIGURES 


F iqurc P age 

1.1 Herr i-Mic el lc Concentration tor Qu art z-D 

5 ysto m 5 

1.2 Micelles of Surfactant Molecules 9 

1.3 Critical Micelle C once nt ration of Sodium Dcdecyl 

Sulfate 9 

3.1 Effect of Ncninnic (PPG) Additives on Surface 

Tension Values of Sodium Qlcnto Solution 27 

3.2 Effect of Sodium Oleate Additive on Surface 

Tension Value of Nonicnic Solution 20 

3.3 Effect of Nunionic (Low Mol. Weight) on 
Flotation Reco va ry -C alcitu Flotation by Na-BBS 32 

3.4 Effect of Low Mol. Weight Nnnionic on Flotation 

Recovery nf C ale it e 33 

3.5 Effect of Nonionic on the Flotation Recovery of 

Rutile 34 

3.6 Effect of High Mol. Weight Non ionic (PPG-4) on 


Contact Angle System Na-01e ate -Rutile-Air 37 

3.7 Effect of Nonionic (PPG) on Adsorption of 

Sodium Oleate on Rutile 41 

3.8 Effect of Nunionic (PPG) on Adsorption of 
Sodium Oleate (Direct Estimation on Solid 

Method) 42 

3.9 Effect of Concentration of Sodium Oleate and 

Nonionic (PPG-4) on Zet a-P etc nt ial of Rutile 43 

4.1 Equivalent Conductivity of Sodium Dobccyl 

Sulfate in Water As a Function of the Square 

Root of the Molality 57 



X 


F iqure 


Fogg 

4.2 

Effect of Low Mol. Weight Nenionic on Specific 
Conductance Value of Na-DBS 

61 

4.3 

Effect of Lav Mol. Weight Non ionic on Specific 
Conductance Value of Na-DBS 

62 

4.4 

Effect of Lew Mol. Weight Nnnionic on Equivalen 
Conductance of Na-DBS 

u 

63 

4 . 5 

Effect of High Mol. Weight Nonionic on Specific 
Conductance Value of Na-DBS 

64 

4.6 

Effect of High Mol. Weight Nenionic on Specific 
Conductance Value of Na-DBS 

66 

4.7 

Effect cf High Mol. Weight Nenionic on Equiva- 
lent Conductance of Na-DBS 

67 

4 . S 

Specific Conductance Against Concentration for 
No-Oleate Alone and Mixed With Nonionic (Lew 
Mel. Weight) at 2 5 G C 

70 

4 . 9 

Specific Conductance Against Concentration for 
Na-Olcate Alone and Mixed With Nonionic (High 
Mol. Weight) at 25 C C. 

71 

5.1 

Filter Assembly 

89 

5.2 

Zimm Plot for Pure Nonionic Micelle (PHI —3 ) 

96 

5.3 

Zimm Plot for Pure Non ionic Micelle (PPG -4) 

1 03 

5.4 

Zimm Plot for Sodium Dodecyl Benzene Sulfonate 
Micelle 

1 05 

5.5 

Zimm Plot for Low Mol. Weight (PPG-3) Nenionic 
Micelle in Presence of Nn-DB5 (Concentration 
= 5 x 10-5 m/1 ) 

1 07 

5.6 

Zimm Plot for Low Mol. Weight (PPG-3) Nenionic 
Micelle in Presence of Na-DBS (Concentration 
= 8.5 x 1 0 -4 m/l) 

1 08 

5.7 - 

Zimm Plot for High Mol. Weight ( P P G — 4 ) Nenionic 
Micelle in Presence of Na-DB5 (Concentration 
= 2.55 x 1 0~5 m/1 ) 

1 09 



F iqure 


P age 


5.8 Zimm Plot for High P'u.l. Weight (PPG-M Non ionic 
Micelle in Presence of Na-DBS (Concentration 

= 5.00 a 1 0- 5 m/1) 1 1 0 

5.9 Effect of i'ia-DB5 on the Particle Scattering 

Factor of Low Mol. Weight Nonionic Micelle 111 

5.10 Effect of i i-DBS on the Particle Scattering 

Factor of High Mol. Weight Non ionic Micelle 112 

5 0 '• 1 Particle Scattering Factor of Micelle vs 0 

kSfig 113 

5.12 Zin.n Plot for Low Mol. Weight Nonionic (PPG —3 ) 
Micelle (Concentration of Sodium Oleato 

= 1 Q" 5 m/i) 1 1 7 

5.13 Zirnm Plot for Low Mol. Weight Nonionic Micelle 
in Presence of Sodium Oleato (Concentration 

= 5x1 m/1 ) 1 1 U 

5.14 Zimm Plot for Low Mol. 'Weight Nonionic Fccolle 
in Presence of Sodium Oleatc (Concentration 

= 1 Q” 4 m/1) i 1 9 

5.15 Zimm Plot for High Mol. Weight Nonionic 
(PPG-4) (Concentration of Sodium Oleato 

- 1 0“ ' b m/1) 1 20 

5.16 Z in' m Plot for High Mol. Weight Nonionic 

Micelle (PPG-4) in Presence of Sodium Qleote 
(Concentration = 5x1 0~^ m/1) 121 

q .l7 Zimm Plot for High Mol. Weight Non ionic Micelle 
in Presence of Sodium Oloatc ( C once ntr oti on 
= 1 Q~ 4 m/l ) 122 

5.13 Micelle Models 123 

5.1 Effect of Na-DBS on Chemical Shift of Propylene 

Oxiclc Peak cf Nonionic Surfactant 135 

6.2 A)J(C + h) vs r>(C) 144 



X 11 


SYN0P5I5 

Froth flotation is one of the most important processes 
in the mineral industry. The efficiency of this process is 
critically dependent on the nature of the collector and 
f rot her used in the process. In this study, on attempt has 
been made to elucidate the nature of the interaction of some 
specific surfactant frothers and collectors between them- 
selves and its influence on mineral flotability. 

In this specific study, we have studied the intcractic 
of ionic collectors sodium oloate and sodium dodecyl benzene 
sulfonate with the nonianic frothers tripropylene glycol 
monomethyl ether and tetra propylene glycol monomethyl 
other . 

To study the nature of the specific interactions of 
the collectors and frothers at the interfaces in flotation 
systems, we hove carried out specific studies of mineral 
flotation by various combinations of concentrations of 
cullector and frother, of the adsorption of collector and 
frother at mineral surfaces and of tho contact angle and 
surface tension of collec tor-f rother solutions. Those 
studies have produced evidence for the presence of mutual 
interaction between collector and frother as well as the 
synergistic co-adsorption of collector and frother molecules 
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at the solid-liquid gas interfaces. These mutual inter oc tit. r 
and synergistic co -adsorption increase the efficiency pf the 
flotation process. 

The interaction of collectors with frothers in the 
bulk phase has been examined by conductivity, light-scatter- 
ing and nuclear magnetic resonances studies. The conductivity 
studies on sodium dodecyl benzene sulfonate alone and in 
presence of the non-ionic frothers at various concentrations 
indicate the presence of pre-micellax aggregates and mixed 
micelles. These micelles are formed by incorporating frother 

- t 

molecules in collector micelles when the frother concentra- 
tion alone is below its cmc (critical micelle concentration) 
and vice versa. Sodium oieate has also been shown to behave 
in a fashion similar to sodium dodccyl benzene sulfonate. 

bight scattering by frothers dispersed in water alone 

and in presence of the ionic collectors has been studied in 

order to elucidate the micelle parameters. The frothers, 

tri and tetra propylene glycol monomethyl ethers were found 

to form micelles with an aggregation number of the order 
3 o 

of 10 at 35 C. The shapes of these micelles could not be 
unequivocally established, but are shown to be either 
u nsy mmet r ical ellipsoids or Mcbain type boxes. Sodium 
dodecyl benzene sulfonate is incorporated into these 
nonionic (frother) micelles to form mixed micelles, whose 
shapes seem to be essentially similar to those of the pure 
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nonionic micelles. At low concentrations, sodium oientu shows 
n similar behavior while at higher concentration, hydrolysis 
of sodium oleate makes meaningful interpretation of light- 
scattering data difficult. 

Nuclear magnetic resonance studies have been carried 
out on pure solutions and mixtures of sodium uodocyl benzene 
sulfonate ond bhu frothers ut concentrations above their cmc 
values. The changes in the chcmicel shift values and the 
integration values of the polypropylene protons end collector 
prttuns along with other available data have been interpreted 
in terms of mixed micelle formation with the simultaneous 
presence of highly fluid mixed micelles of varying composition 



CHAPTER I 


INTRODUCTION 


1.1 FROTH FLOTATION; 

Froth flotation is one of the most important and 
useful separation processes in the mineral industry. In the 
process of froth flotation, adhesion is obtained between 
mineral particles and air rising through a pulp. This tem- 
porarily buoyant combination rises, forms a froth, and is 
removed. The crux of the process of flotation is the 
existence of a selective tendency for some particles to 
adhere to rir and for other particles to adhere to water.. 

This selective tendency of mineral particles is augmented 
by the use of flotation reagents. The flotation reagents 
added to the pulp during flotation process are, broadly, 
of three types -collectors, modifiers and frothers. 

1.1 . a ; Collectors ; 

Collectors are surfactants which preferentially 
adsorb to the surfaces of specific types of particles, and 
by so doing render part of the surface sufficiently hydro- 
phobic to cling tenaciously in the air-water interface when 
the pulp is aerated, until finally removed as part of a 


mineralised froth. 
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A collector must adsorb to the selected mineral surface 
so as to cover it partially with a film which is water-repellent. 
Success in achieving this -.specific adsorption is essential if 
the particles thus modified are to be selectively removed from 
the pulp as part of the mineralised froth. Some of the most 
commonly used collectors are (1) Ethyl, propyl, butyl, and 
amyl xanthates, particularly the ethyl and the amyl xanthate c: 
sodium or potassium, (2) Diethyl and dicresyl dithiophosph ate s , 
and (3) Fatty acids and soaps. Fatty or alkyl chain collectors 
have the general formula CH^ ( where X is usually a carbexy. 
sulphate or sulphonate group and n usually exceeds .9". The 
first two groups are usually used for the flotation of sulphide 
minerals while the third group for non-sulphide minerals. 

1 . 1 . b F rot he rs : 

A widely held concept of the frothing agent is of a 
surf act ant of low solubility and surface tension , with no 
collecting power or interaction with collector agents but which 
stablises : air-liquid or froth interface , Frot her molecules 
are heteropolar, with their hydrophilic groups characteristi- 
cally nonionic (e.g. OH, C QOH , C=0, NHj), the hydroxyl being 
the commonest, as in terpineols ( C ^ qH ^ yOH ) , cresols {CH^kgH^QH ) 
and alcohols (C^H^ON, etc.). 


Froth flotation process is essentially dependent on the 
selection of collector and frother, both of which are surface 
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active agents. In the past, it was believed that collector 
action is essentially on the solid-liquid interface and the 
frother acts at the liquid-gas interface. But the work of 
Leja (1) showed for the first time that a collector not only 
acts on the liquid-solid interface but may also affect the frother 
behavior and similarly frother may affect the collector action. 

The increase of the flotation recovery of corundum by the 
addition of n-alcohols observed by D.W. F uerstenau (2) has 
been explained by Schubert and Schneider (3) recently in terms 
of co-adsorption of collector and frother. They also called 
these additives as secondary collectors and the adsorption of 
these secondary collectors might be due to the interaction 
between collector and frother. Recently Lekki and Laskowski (4,5) 
observed the joint action of frother and collector in flotation. 
The assumption that collector acts only at the solid-liquid 
interface and frother acts only at liquid-g as interface is 
probably oversimplified and needs detailed investigation. 

1.2 SURFACE ACTIVE REAGENTS AND SURFACE ACTIVITY: 

Surface activity can be defined as the pronounced 
tendency of a solute to concentrate at an interface. The 
reagents having this type of tendency are called surface 
active reagents. These typeb of compounds (molecules) are 
composed of two segregated portions: one which has sufficient 
affinity fox the solvent to bring the entire molecule into 
solution, and the other portion is relatively incompatible 
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with the solvent because it has less affinity for the solvent 
molecules than the solvent molecules have for each other. 

This kind of solute molecules with dual property will tend to 
concentrate at an interface. These ■types of compounds can be 
broadly divided into three subgroups. 

1. Anionic surface active agents; e . g . C^yH^COO /Na + ; 

2. Cationic surface active agents: e.g. 2^2 5^ » 

3. Nonionic surface active agents: e. g. P olyoxy ethyl ene 
monohexadecylether. 

In general both collector and frother are surface 
active reagents; collectors are generally ionic while frothers 
are non ionic in nature. 

1.3 HE MI-MICELLE CONCENTRATION: 

Hemi-micelle concentration is defined as the concentration 
of the collector at which marked changes in the parameters 
(contact angle, adsorption density, zeta potential, flotation 
recovery) occur in a mineral flotation system. The adsorption 
and flotation behavior can be explained with the help of the 
hemi-micelle hypothesis. For hemi-micelle formation, ions 
should be adsorbed individually at low concentration, but at 
higher concentrations, there should be marked changes in 
interfacial parameters as the adsorbed collector ions 
associate into he mi-micelles . Fig, 1,1 presents plots of a 
number of interfacial parameters for the system quartz- 
dodecylamine acetate (DAA) at pH 6-7 and at 20°-25°C (6). 
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The following parameters are plotted as a function of the 

concentration of foM: (1) Contact angle, (2) Adsorption 

density, (3) Zeta potential, and (4) Halimond tube flotation 

recovery for DAA and quartz at neutral pH. Hemi-mic elle forma- 

„4 

tion occurs at approximately 10 M DAA, as shown by the marked 
changes in the parameters. The theory of hemi-micelle can 
be approached by expressing the adsorption density within 
the Stern plane ot the electrical double layer in the form; 

Tl = 2rC exp [ ( -W g + n£5 )/kT] 

where , 

W e = Electrostatic free energy term that describes the 
process of bringing the polar groups together, 

0* = Cohesive free energy per CH 2 group, 

= Adsorption density, 
r = Radius of organic ion, 

C = Equilibrium bulk concentration of the organic ion, 
n = Number of CH 2 group. 

If we select the hemi-micel le concentration, that is, 

C = C HM 

T hen , 

C HM = ^ r^/2r) exp [(W g - nj3* )/kT] 

or C HM = A ’ ex P [ ( w e ~ nj3')/kT] 

In C HM = W Q + In (F' i /2r) -(ja'/kT) n 
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1 

The slope of the plot In vs. n gives us the value of jS 

in terms of kT . 

1.4 MICELLIZATION: 

1.4.1: Mjc el le : 

When a surface-active agent is dissolved in water, the 
condition for the system to exhibit minimum free energy stipu- 
lates that there should be minimum contact between the water 
molecules and trhe nonpolar hydrocarbon chain of the surfactant 
molecule. This minimum contact is ochieveG when surfactant 
molecules concentrate at the surface and orient with their 
polar group directed towards the aqueous phase and their 
hydrocarbon chain directed outwards. In the bulk of the 
solution, minimum contact between hydrocarbon chains and water 
molecules is accomplished by the clustering of the surfactant 
molecules in such a manner that the hydrocarbon chains of many 
molecules are in contact and are surrounded and hidden by 
polar groups. This aggregation of surfactant molecules is 
called a micelle (Fig. 1.2). 

1.4.2 Critical Micelle Concentration : 

Aqueous solutions of surfactants exhibit more or less 
abrupt changes in their physical properties over a narrow 
concentration range. This rapid change in properties is gene- 
rally accepted to be due to the formation of oriented aggregates 
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The concentration at which the concentration of 
micelle suddenly becomes appreciable is referred to as the 
critical micellar concentration (7) or c me as shown in Fig # 1.3 0 

For various cationic and anionic surfactants, the cmc 
can be expressed by the equation, 

log cmc = A -BN 
y c 

where N is the number of carbon atom in the long hydrocarbon 
chain, B is a constant approximately equal to 0*29. A is a 
constant for a particular temperature and a homologous series* 

1*4^3 Theory of Mjcell izat ion s 

As a chemical system tends towards a state of minimum 
free energy, the micellizat ion process must result in a free 
energy decrease* The changes occurring during the process of 
mi cell izat ion are ; 

1 . Decrease in hydroc orb on/water interfacial energy. 

2* The micell iz at ion process with regard to monomers is a 

disorder to order transition, meaning that there is a negative 
entropy change* 

However, there is loss of water structure form around the 
hydrocarbon chain* This loss of water structure gives a trans- 
formation from ordered state to disordered with regard to water, 
meaning that there is a positive entropy change during the 
process* There is an overall decrease in free energy and 



1 1 


increase in entropy of the system. '''he above two factors 
provide driving forces for the micellization process. 

Furthermore, for an ionised surfactant, the bringing 
together of monomers into a micelle means that work has to be 
done against the electrostatic repulsion between similarly 
charged polar head groups. This restricts indefinite growth 
of micelles and for a particular concentration of an ionic 
surfactant solution, there is an optimum micellar size. Non- 
ionic detergents, for which no electrical force is expected 
to oppose micellization, form micelles at concentrations lower 
than those for ionic ones. 

For nonionic detergents, the equilibria can be written 

os : 


n ( man ome rs ) micelle 

K = C . /C n 

mic man 

where K is the equilibrium constant, and activity has been 
replaced by concentration. 

For ionised detergents: 

n(long chain monomer) + (n-p) counter ions-^' micelles 

C . 
mic 


K 


c n c n - p 

mon c i 



C . = concentration of counter ion. 

c 1 

p = effective charge on micelle. 

The free energy gain for Ch^ group entering the 
micelle is found to be about 1.25 kT « The work of adsorption 
of a CHp at sn oil-water interface is about 1.37 kT . The 
relatively close agreement in energy values indicates that 
the interior of the micelle has a hydrocarbon liquid-like 
c haracter, 

The collector concentrations used in the flotation 
recovery are usually far below their respective critical 
micelle concentrations. But the concentrations of frether 
actually used may be high enough to produce micelles. This 
justifies some detailed studies on the micellar properties 
of frother and collector-f rother systems. Such studies may 
furnish evidences of c ollector-f rother interaction in the 
bulk phase. Conductivity studies may yield evidences of 
pre-micellar interaction as well. 

The link between the intcrfacial and bulk interaction 
studies is provided in terms of similar nature and energetics 
of the collector-f rother interaction in mixed micelles (bulk) 
and in mixed hemi-micelles (on the solid surface). 
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PHILOSOPHY OF THE PROBLEM : 


During the last fifteen years, considerable efforts 
have been put to study the a< i ion ic -nonionic interactiuns in 
solutions using various surface-active agents. But the 
literature on specific interaction between a collector (ionic 
surfactant) and a frother (non-ionic surfactant) is scanty. 
Some indirect evidences of collector-f rothcr interaction at 
different interfaces in a flotation system have been obtained 
by some workers (1-5). We have not come across any literature 
giving evidence of interaction in the bulk liquid phase (pre- 
micellar and micellar interaction) between collector and 
frother molecules. The reason for this might be that for many 
years cresols and pine oils were the commonly used frothers, 
and these frothers have very limited solubility in water. 

Hence interactions study for frother solutions over a wide 
concentration range was out of question. But recently, alkyl 
ethers of poly propylene glycol have been introduced as 
effective frothers. These frothers are readily soluble in 
water and one could use several sophisticated techniques to 
study their interaction with collectors over a wide range of 
concentrations. Further introductory remarks and other 
details about the techniques used shall be made in the 


forth-coming chapters 
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In our work we have used the anionic surface active 
agents (sodium oleate and sodium dodecyl benzene sulfonate) as 
collectors, and purified nonionic (Dowfroth type) surface 
active agents (Tripropylene glycol monomethyl ether and Tetra- 
prupylcnc glycol monomethyl ether) as frothers. 

I.D STATEMENT OF THE PROBLEM: 

C ollec tor-f rother interactions have been studied on the 
following points: 

1 . Interaction at the different interfaces in a flotation 

system: 

Interaction at different interfaces in a flotation 
system has been studied by the following techniques: 

(a) Surface Tension Measurements: Surface tension 
measurements have been used to study the interaction at liquid- 
gas interface and to study the effect of froiher on the cmc 

of sodium oleate (collector) and vice versa . 

(b) Adsorption and Zeta Potential Measurement: Adsorption 
o r sodium oleate on rutile and the effect of nonionics (frothers) 
on the adsorption of sodium oleate have been measured (and 

.V ice versa) to study the c ollector-f rother interaction at the 
solid-liquid interface. Zeta potential measurements have 


also been carried out to study the effect of frothor on the 
rate potential of rutile in sodium oleate solution and to 
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substantiate the conclusions derived from the adsorption 
data. Infra-red measurements have also been carried out 
to study the adsorption of sodium oleate and nonionics on rutile 
mineral . 

(c) Flotation Recovery and Contact Angle Measurement: 

The effect of frothers (nonionics) on the flotation recovery 
of rutile and calcite, and the effect of frothers on the 
contact angle in rutile (single crystal) - Sodium oleate 
solution -air system have been studied to evaluate the inter- 
action at liquid-solid gas interface. 

(2) Interaction in the Bulk Liquid Phase (Pre-micellar and 
Micellar Interaction): 

Interaction study in the bulk liquid phase has been done 
by studying the micellar properties of collector (sodium 
oleate and sodium dodecyl benzene sulfonate) and frother 
(nonionic). The following techniques have been used for such 
a st udy : 

(a) Conductivity Measurements: Conductivity values of 
sodium dodecyl benzene sulfonate solutions have been measured 
in the pre-micellar and post-micellar regions. The interaction 
between the sodium dodecyl benzene sulfonate (collector) and 
the frother has been studied by measuring the effect of 
nonicnic (frother) on the conductance value of sodium 
dodocyl benzene sulfonate solution in pre-micellar and post- 
micellar regions and the equivalent conductance values were 
compared with the theoretical Onsager values. 
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(b) Light-Sc ottering Measurements: The interactions 
between the collectors Na-DBS (Sodium Dedecyl Benzene Sulfo- 
nate) and No-01 (Sodium Oleate) and nonionics frothers have 
bwen studied by light-scattering technique through measurements 
of the micellar weights of nunionic (frother) and the radii 

of gyration of nenionic micelles, and the effect of No-DBS 
and No-01 (Sodium Oleate) on the nonionic (frether) micellar 
Weight, shapes and sizes. 

(c) Nuclear Magnetic Resonance: The technique of nuclear 
magnetic resonance (nmr) has been used to study the interac- 
tion between Na-DBS and nonionic in the micellar region by 
measuring the chemical shift and integration values of propyler. 
Oxide groups on the addition of Na-DBS. 

To recapitulate, the present series of investigation 
has been oriented towards obtaining evidences of collector- 
frother interaction in typical flotation systems. These inter- 
actions were believed to happen in the various interfaces 
and in the bulk aqueous phase of pre- and post-micellar 
concentrations. Detailed studies on energetics of such 
interactions were net included in this series of investi- 


g at ions . 
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CHAPTER 


II 


MATERIALS 

In this chapter* detailed accounts of the chemicals 
and materials used are given. 

11. 1 MINERALS : 

Rutile and calcite were used as minerals for flotation 
s + udy while only rutile was used for adsorption study. The 
rutile sample used in the present studies was procured from 
the Indian Rare Earth Ltd. It was claimed to be of 99 percent 
purity by the suppliers. For contact angle experiments a 1 cm 
dia-cylindrical rutile crystal was used. This crystal with 
(100) planes cut and polished was supplied by Linde Co., 
Chicago, USA. 

1 1 . 1 a 5ample Preparation for Flotation Experiments : 

The original samples supplied as coarse grains ‘were 
ground, sieved and the fraction -85 + 1 00 mesh size was 
collected. The fraction collected was thorougnly washed with 
water and then with dilute hydrochloric acid. This was 
followed by repeated washing. The sample was stored under 
distilled water. 
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Sample Preparation for Adsorption Studies ; 

The original sample was washed thoroughly and further 
ground in an alumina pebble mill* The fraction - 300 + 325 mesh 
was collected. The sample was washed with water and then with 
dilute hydrochloric acid, and then suspended in 1.5 litres of 
waber in a 2 litre beaker. The fraction which settled in the 
first 10 minutes was taken and the rest removed by decanta- 
tion. This was repeated several times. The finer fraction, 
after decantation, was dried in an oven and was thoroughly 
mixed in a pebble mill. The thoroughly mixed material was 
again washed several times. The washed material was stored 
under redistilled water in a glass jar for adsorption studies. 

I 1.2 COLLECT OR : 

Sodium oleate and sodium dodecyl benzene sulfonate were 
used as collectors throughout the course of these investiga- 
tions . 

1 1 . 2 . 1 Oleic Acid % 

The untagged oleic acid was obtained from the Hormel 
Instituted fatty acid project at University of Minnesota, 
U.S.A. Estimated purity was more than 99 percent as deter- 
mined by gas-liquid and thin layer chromatography analysis. 
Iodine value was found out to. be 89 * 9 and diene conjugation 


.03 percent. 
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II .2.2 Preparation of Sodium Oleate ; 

The procedure followed for the preparation of sodium 
oleate from oleic acid was similar to that of Kajiji (1). 
Equivalent amounts of oleic acid and analytical grade sodium 
hydroxide were transferred to a round bottom flask and 50 ml. 
of dry absolute alcohol was added. The ethyl alcohol used 
had been distilled, kept ovor-night over quick lime and 
redistilled. 

The whole mass was refluxed over a water bath for aboux 
an hour. Subsequently, excess alcohol was removed by evapora- 
tion and syrupy mass was poured hot in acetone which had been 
distilled after keeping over night with CaCl 7 . Sodium oleate 
thus precipitated was filtered and washed with acetone. The 
dried powder was stored in a cool dry place. 

1 1 . 2 . 3 Labelled Oleic Ac id : 

T 1 4 

The C labelled oleic acidwas obtained from Internation 
Chemical and Nuclear Corporation, California, U.S.A. The spcci 
Tic activity of the acid was reported to be 10 mc/min. The full 
scale deflection of the compound was given as 100,000 cpm. The 
labelled oleic acid was obtained in benzene solution. 

11. 2.4 Preparation of Radioactive Sodium Oleate Solution ; 

A suitable quantity of the tagged oleic acid was trans- 
ferred from the vial to a 500 ml. volumetric flask. Excess of 
sodium hydroxide solution was added to make the volume around 
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15 ml. The mixture was kept in a thermostat maintained at 
40°C for about 36 hrs. It was frequently shaken and the 
stopper opened to allow the benzene vapor to escape. At the 
end of this period, saponification was assumed to be complete. 
The resulting product was then added in definite propertion 
to a solution of ordinary (untagged) sodium ole ate. The 
solution was stocked for further use. 

1 1 . 2 . 5 Sodium Dodccyl Benzene Sulfonate; 

Sodium dodecyl benzene sulfonate of A.R. quality was 
obtained from Peltz and Bauer Inc., IM.Y. 

II. 3 FR OTHER : 

Tripropylenc glycol monomethyl (PPG-3) ether and tetra- 

propylenc glycol rfionomethyl (PPG-4) ether were used as frothers 

These arc nonionic in nature and are low viscosity liquids, 

readily soluble in water and have the general formula 

CH o (0C^H^-) -OH. Dow Chemical Co, research laboratory purified 
e Jon 

the commercial material usually known as Dow froth 20Q, 250 
to obtain components in the purest state possible. Two puri- 
fied materials were obtained by us through their courtesy. 

From the stereo-chemistry , it is shown that sight isomers are 
possible for tripropylene glycol monomethyl (PPG-3) ether 
and 16 isomers are possible for the tetra propylene glycol 
monomethyl ether (PPG-4), The analysis of the purified 
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products are given below: 

Sample 1: T ri propylene glycol monomethyl ether (PPG-3) 

99.7 percent Isomer A, 

.2 percent Isomer B. 

Sample 2: Tetrapropylene glycol monomethyl ether (PPG-4) 

96.7 percent Isomer X, 

1.9 percent Isomer Y, 

1 .2 percent Isomer Z. 

In the thesis, the above-mentioned chemicals have bean often 
mentioned as low nol.wt. or PPG-3 and high mol. wt. nonionic 
or PPG-4 respectively. 

II. 4 OTHER CHEMICALS: 

Other chemicals such as 2,4 d initrop he nyl hydrazine, 
Rhodamino 6G and p-nitrophen ol used for analytical purposes 
'were all of analytical grade. 
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CHAPTER III 


COLLECTOR - FROTHER INTERACTION AT DIFFERENT INTERFACES 

IN A FLOTATION SYSTEM 

III.1 INTRODUCTION: 

Froth' flotation is usually induced by the addition of a 
collector and frother to an aqueous suspension of suitably 
comminuted minerals. The action of the collector is to adsorb 
on to the surface of the minerals to be separated, sensitizing 
them to bubble adherence. The action of the frother has so 
far been believed to involve froth formation only, brought 
on by a lowering of the air-water interfacial tension. 

Leja and Schulman (1,2,3) showed that frother molecules 
become particularly effective when there is a suitable degree 
of molecular interaction witn the collector molecules at the 
interfaces. Fuerstenau and Yamada demonstrated (A) the 
effect of a neutral molecule, (decyl alcohol) on the flotation 
recovery of corundum with sodium dodecyl sulphate or trimethyl 
dodecyl ammonium chloride as the collector. The increase in 
Flotation recovery was explained on the basis of co-adsorption 
of the neutral molecules with the collector ions. It was 
ostulated that adsorption of neutral molecules is essentially 
■chrough van dor Weals attractive force between the hydrocarbon 
chains of the adsorbed soap ions and those of the neutral 



molecules, Lekki and Laskowski (5) showed the beneficial 
effect of 'X -terpineol (frother) cn the zeta potential, 
thickness of fluid film on the surface of chnlco'cite and 
adsorption of xanthate on chalcocite. The phenomenon was 
explained on the basis of joint action of frother and collector. 
Joint action of collector and frother was also confirmed by 
Plaksin (6), and Mukai ( 7 ) • 

We have not come across any literature in which the 

effect of collector on the behaviour of frother molecules 

in a flotation system has been studied* The main reason 

might be that quantitative estimation .of the frother in the 

fl jtation system is very difficult due to the very limited 

solubility of the conventional frother (pine oil, crosylic 

acid) in water* The adsorption of some of the frothing agents 

terpineol, Diaceton) on mercury from aqueous solution was 

investigated by Zembala and Poroianowski (8).Plaskin (6) used 
1 4 

C ethyl alcohol for studying the adsorption of ethyl alcohol 
on the mineral surface, and showed that the alcohol was found 
to be adsorbed on galena surfaces even without xanthate. The 
increase in flotation recovery of galena in presence of ali- 
phatic alcohols was explained on the basis of adsorption of 
ethyl alcohol on the mineral surface. 

Lekki and Laskowski (9) observed that some surface- 
inactive substances like diacetone alcohol and ethyl acetal are 
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readily soluble in water and they adsorb on solid surfaces 
and thus improve the flotation recovery. They contended that 
the 'frothcr' need not be surface-active to influence three- 
phase contact. However, this issue is not relevant in our 
studies, since we have specifically chosen conventional 
frothers (PPG-3 and PPG-4) which are surf ace- act ivo . Recently 
Dorcn (10) has determined the adsorption isotherm of Triton 
X-100 (nonionic surfactant) on quartz, and classified this 
nonionic surfactant as a collector in a study of the pH dependence 
on the flotation recovery of quartz. The frothing characteris- 
tic of this nonionic surfactant is however not known. Evidently, 
comprehensive studies in this regard are called for. 

In this chapter, we describe our studies on the inter- 
action between the collector and frothcr at different inter- 
faces by the measurement of surface tension, contact angle, 
"dsorption of frother and collector on mineral surfaces and 
the effect of frother on flotation recovery. Some of these 
results have been published (11). 

III. 2 INTERACTION AT THE LIQUID - GAS - INTERFACE; 

To investigate possible interaction of collector (sodium 
nle ate) and frother (PPG-3 and PPG-4) molecules at the liquid 
gas interface, surface tension measurements were made by a 
Ccnco Du Nouy Tensiometer at room temperature (27 ± 1°C). 

Usual precautions were taken during these measurements. 



26 


Sufficient time was allowed for aging (15-20 minutes) and 
time-independent surface tension values were obtained. Fig, 3.1 
shjws surface tension values of sodium oleate solutions of 
different concentrations containing fixed quantity of one 
nor, ionic (PPG) frothc-r. Surface tension values of PPG solu- 
tions and the effect of small amount of sodium oleate are 
presented in Fig. 3.2. 

Interaction between the collector and frother in the 
liquid -gas interface ore quite evident from the data given in 
*"igs. 3.1 and 3.2. Surface tension of sodium oleate solutions 
are lowered by the presence of nonionics (PPG) , more so by the 
low molecular weight nonionic (PPG-3). This effect could not 
:o e attributed to the surface activity of the nonionic material 
itself since the concentration of nanionic used was low (vide 
Fig, 3.1). Similarly, a very small proportion of sodium oleate 
in water, which by itself does not correspond to much surface 
activity, reduces surface tension of PPG solutions substantially 
(Fig, 3.2). This is clearly a synergistic effect indicating 
o . -adsorption of collector-f rather molecules in the liquid-goo 
interface , 

Figs. 3.1 and 3.2 clearly show that the low molecular 
weight nonionic surfactant (PPG-3) is more surface-active 
than the high molecular weight (PPG-4) material. This is 
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possibly due to the fact that the repetitive unit in the 
p oly oxy propyle ne surfactant series is hydrophilic in nature 
as opposed to the conventional ionic surfactant series in 
which greater chain length is provided by additional hydro- 
phobic units such as -CH^. Quite significantly. Fig. 3,2 
reveals that the cmc of PPG-3 (1.7 x 1 0”^ m/1) is lower than 
the cmc of PPG -4 (2.2x 1 0~ 5 m/1). 

For the micellization of nonionic molecules like PPG-3 
or PPG-4 one may write the following reaction: 

f n [ m ] [ M ] where [ M ] represents the molar concentra- 

tion of micellar species and [ m] that of monomeric species. K 
is the equilibrium constant for such a reaction. The Gibbs 
freo energy change for micellization per monomer molecule, 

Ac, = _ RT ln k m 

^ log K m log [ M ] 

2.303 kT = “ n = “ ' + log C m ! 

'cllog [ m j since n is very large for PPG-3 and PPG-4, of the 
3 

order of 10 (from light-scattering measurement Table 5.2). 
iience G 2.303 log [ c.m.c.] kT and equals -10.99 kT and 
-10.73 kT for PPG-3 and PPG-4 respectively. Each propylene 
oxide unit contributes to an increase in ,/\G to the extent of 
0.26 kT . Similar results ’were obtained by Mukherjee (12). 
ilukherjee used various data including those for octyl 
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polyoxyethylene glycolu monoethers (13) and computed the head 
group self-interaction contribution to G for hex aoxycthylene 
glvcol-mono ether to bo 1 . 2 kT per molecule which works out 
to be about 0.2 kT per single oxyethylenc group. Leja and 
Nixon (14) have suggested that polyoxyethylene ether' frothers 
also show a definite critical micelle concentration and their 
surface tension values increase with increase in the molecular 
w eight of frother. 

It is also significant that the cmc values of PPG-3 and 
P p | :-4 arc lowered by small additions of sodium ole ate. This 
constitutes a proof of mixed micellizat io n and interaction of 
collector and frother in the bulk phase. This aspect will be 
Discussed in some detail later in this thesis. 

III. 3 INTERACTION AT LIQUID-SOLID-AIR INTERFACES; 

^ he interaction in the solid-liquid-air system was 
studied by flotation and contact angle experiments. 

The flotation experiments were carried out in an all 
glass laboratory flotation cell. About 30 g. of calcitc 
prepared for an experiment were transferred to a 600 ml glass 
beaker and to it was added sodium dodecylbenzenc sulfonate 
and frother (PPG). The volume was made upto 375 cc, and the 
pH was adjusted to 7 + .05 after 4-5 minutes. The pulp was 
then conditioned for 5 min. and the conditioned pulp was 
transferred to tho flotation cell and the flotation experiment 


w ns conducted by passing air from a compressor -through a gas 
regulator for about two minutes. The concentrate and tailings 
were collected in trays, dried and weighed. 

Experimental results on flotation recovery of calcitc 
c r e shown in Figs. 3.3 and 3.4. Fig. 3.3 shows the effect of 
Ma-DBS concentration on the flotation recovery of cal cite at 
different concentrations of the nonionic fr«_thcr (PPG— 3) . Tho 
flotation recovery results of calcite with different concentra- 
tinrs of purified nonionics (PPG) at constant c cncontr at ionu 
of Ma-DBS arc shown in Fig. 3.4. It is seen from Fig. 3.3 
that the flotation recovery increases ns concentration of 
Ma-DBS increases for a constant concentration of PPG-3. It is 
else seen from Fig. 3.3 and 3.4 that the recovery of calcite 
increases with an increase in PPG-3 concentration. This increase 
in flotation recovery is much greater at the lower concentration 
ret ’.go of Na-DBS, and the he mi-micelle concentration (concen- 
tration at which a sharp increase in flotation recovery occurs)/ 
decreases as the concentration of PPG increases (Fig. 3.3). > 

Similar experimental results were obtained by us earlier 
for the system rutile-sodium oleate and nonionics frother 
(PPG-3 and PPG-4) (11,15). The effect of nonionic (PPG) on 
the flotation recovery of rutile at constant concentration of 
sodium oleate is shown in Fig. 3.5. 
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The effect of the frother (PPG) may be two-folds 


(1) it may increase frothing action, or (2) it may enhance 
the collection action* The enhancement of collection may be 
due to (1) increase in adsorption of Na-DE5 and sodium oleate 
(collector) on the solid surface, or (2) concurrent adsorption 
of frother molecule on mineral surface. From Fig* 3,5, it is 
clear that the recovery of rutile decreases when the concen- 
tration of PPG (nonionic frother) increase above its cmc 
l 2.0 x 10 m/1). Thu decrease in flotation recovery of 

rutile at higher concentration of nonionics can be attributed 
t the mixed micell iz ation of nonionics and sodium oleate. The 
mixed micelle thus formed would be a type of nonionic micelle 
with the oleate ions incorporated into nunionic micelle and 
causing a depletion of collector molecules from the bulk phase. 

This type of observation is not observed in the case of 
calcite flotation. This might be due to a weaker interaction 
between Na-DES (collector) and nonionic frothero ,as compared 
to. that between sodium oleate and nonionics. This point would 
be again discussed in the context of micellar studies. Thus 
the decrease in the concentration of collector molecule (l\!a-DBS) 
might be less as compared to sodium oleate during the formation 
of mixed micelle of collector and frother. 

The interaction between collector and frother at liquid- 
solid-gas interface has also been studied by monitoring the 
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c i feet of frothcr on the contact angle established between 
j-utilcj sodium oloato solution, and air. For the measurement 
of contact ongles, the captive bubble technique was used. The 
Si_oium oleate solution with different concentration of non- 
if'iiic frother was token in a cuvette and a single crystal of 
rutile was submerged in it. Air bubbles were attached on the 
single crystal with the help of a bubble holder. The image of 
uhe bubble was projected on o flat paper surface, and the 
contact angles were measured by drawing tangents at the inter- 
face and measuring the angle in the aqueous phase between the 
tangent and the projected interline. 

The results so obtained are shown in Fig. 3.6, which 
shows that the contact angle increases as the concentration of 
sodium oleato increases, and when the concentration of sodium 
oleate reaches 10 m/1, the values of contact angle start 

alliny. This decrease in contact angle beyond this concontrat 
of sodium oloato can be attributed to the formation of a double 
layer after the monolayer coverage has been completed on the 
single crystal surface. The double layer formation will 
decrease the hydrophobicity or the single crystal which was 
obtained upto the monolayer coverage and thus will decrease 
the contact angle. 

From Fig. 3.6 it is also clear that the effect of the 
frothcr (nonionic PPG-4) on the contact angle, if any, is not 
measurable (reading error is about 2° and reproducibility is 
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5 to 10 percent) The absence of any appreciable change in the 
contact angle on the addition of frother and the establishment 
of contact angle in sodium oloate solution alone can be used as 
an argument against the collector - frother interaction* 

However, if the expression. 


Cos 0 


Vs/ S 2 V^s/1 

Va/1 


is considered, 


whore , 


V a/s = 

V s /i 
M/i = 


contact angle , 

interfacial energy between air-sclid interface, 
interfacial energy between solid-liquid interface 
interfacial energy between air-liquici interface, 


Than an addition to a collector solution of a frother which 
changes 'y ^^by a few. dynes/cm .’should also cause a change in 


"a/ ^ 


i n order to keep Cos 0 constant. Therefore 


t ne 


fact that frother does not affect the contact angles developed : 
in collector solutions, is rsally an argument for the existence 
of collector - frother interaction, since a change in ( T a / S ~ ^ s / 
could be brought about only by the adsorption of frother or by 
augmenting collector adsorption on the solid surface. Such an 


argument was presented earlier by Leja (2). 
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III. 4 INTERACTION AT THE LIQUID-SOLID INTERFACE; 

Interaction at liquid-solid interface has been studied 
by the effect of nonionics (frother) on the amount adsorbed 
of collector (sodium ole ate) on rutile powder and vic e, versa . 
The effect of nonionics (frother) on the zet a-potential of 
rutile in the system rutile-sodium oleato has also been 
studied to establish the interaction between them. 

III. 4.1 Estimation of Adsorption of Sodium Oleate ; 

( a) Solution Method ; 

Finely divided rutile powder had to be used so that the 
difference in concentration of sodium oleate in aqueous 
solution before and after equilibration could be appreciable. 

T ho surface area of the rutile sample was determined by the 
p-nit rop hen ol method as suggested by Giles (16). The surface 

4 2 

area of the sample was found to be 2.108 x 10 cm /g. 

Solutions of sodium oleate were tagged with C-14 
p -active tracer. A constant ratio between the concentration 
of labelled and unlabelled oleic acid was maintained. For 
adsorption experiments, the solid sample (about 3 g ) was 
equilibrated with sodium oleato solution at 30 + 1 °C for 5 hrs. 
Supernatant solution was centrifuged to remove any suspended 
solid, and 2.0 ml of the clear solution was transferred to a 
specially prepared planchet having a cavity of the same volume 
and evaporated at 40°C for 10 hrs. in an oven. The radio- 
activity counting was done in a pi -ray Geiger countar. The 
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c sorp tic n magnitude was obtained from initial and equili- 
brium solute concentrations utilising a standard calibration 
curve. The adsorption date are shown in Fig. 3.7. 

( b ) Direct Estimation on Solid Method; 

Although the previous method was superior to the 
conventional colorimetric method in estimating very low 
concentrations cT sodium oleate, seme reservation remained 
regarding the usefulness of adsorption dote on finely divided 
particles in view of the coarseness of the particles used 
in flotation experiments. Active site surface concentration 
and hence collector adsorption density may not be identical 
in the latter sample. 

Therefore, direct adsorption estimations cn solid of 

coarser size were also made. Size distribution of -65 + 100 

mesh rutile samples (as used for flotation) was obtained by 

microscopic observations and with this dato, and nssuming 

non-porosity cf particles, the surface area of the sample was 

2 2 

computed to be 4.4 x 10 cm /g. 

For calibration, 1 0 g of solid samples were mixed with 
km on and variable quantities of sodium oleate in solution 
containing a fixed proportion of labelled chemical. Water 
was evaporated and 4.5 g of dried rut ilo containing propor- 
tionate and known amounts cf sodium oleate on the surface were 
taken in the planchet for radio-activity counting. The count 
rate was related to the known adsorption density. 




RPTION OF SODIUM Ol.bATh MOl 




A LOW MOLECULAR WEIGHT NON IONIC (PPG-3) 

CONC OF SOD- OLE ATE 59*5 XIO 5 MOLES/LIT 

(D HIGH MOLECULAR WEIGHT NON IONIC (PPG-4; 

CONG- OF SOD OLE ATE 59-5 XjC? MOLES/ LiT 

» LO W M O LEC U L A R W EIGHT NON ION SC { P P G - 3} 

~S 

CONC. OF SOD- O'. E ATE 2 975 XIO MOLES/LlT 
® HIGH MOLECULAR WEIGHT NON IONIC (PPG-4) 
CONC. OF SOD- OLE ATE 297 5X10° MOLES/LiT 


CONCENTRATION OF NONIONIC MOLES/ LIT. X 1$ 


3- 8 EFFECT OF NONIONICS (PPG) ON ADSORPTION OF SODIUM 
OLEATE (DIRECT ESTIMATION ON SOLID METHOD) 
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For adsorption determination, 10 g of sample was 
equilibrated with 10 ml of sodium oleate solution of known 
c mccntrat ion, decanted and the rutile samples were washed 
with 10 mi. of double distilled water once. The samples 
were dried. After drying 4*5 g of sample was transferred 
t: the planchet for counting* The adsorption of sodium 
ole axe was calculated from the standard curve* The reprodu- 
cibility of the experiments was about ± 5 percent. 

The effects of variable concentrations cf purified 
nonienics on the adsorption of sodium oleate were studied at 
different constant sodium oleate concentration and the rata 
so obtained arc shown in F ig „ 3.8. 

III. 4. 2 2ET A POTENTIAL DETERMINATION: 

Zeta potential values of rutile mineral surface in 
presence of various concentrations of sodium oleate and 
purified nanionic (PPG-4) were computed from the electropho- 
retic mobility of solid, particles. Electrophoretic mobility 
measurements were carried out in a Numinco Model M1C-1201 
■ loos T ronsport Analyser. The data arc plotted in Fig. 3.9. 

-11.4.3s Adsorption of f\lcn~ionic Frothers on Solid Surface % 

Gatewood and Graham (1/) have providd a colorimetric 


method for estimation of polypropylene oxide type of nonionics. 
The method consists in interaction of the above kind of 
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nonianic with 2,4 dinitrophenyl hydrazine in acetone-free 
alcoholic solution (water bath refluxing for 15 min.) and 
development of colour with 10% alcoholic KOH in ice-bath 
temperature. The peak of colour intensity was found to be 
at 535 mjj, . The calibration curve for both the nonionics 
(on molar basis) was found to be identical. Colour intensity 

was found to be significant and measurable only when the 

-3 

nonionic concentration exceeded 10 m/1. 

Weighed and dry solid samples (about 5 g) were equili- 
brated with nonionic solution with or without sodium oleate. 
After equilibration, the supernatant solution was removed. 

From this, sodium oleate was abstracted by more than equivalent 
quantity of Dowcx 1-X8 anion exchange resin of 2.1 meq/g. ion 
exchange capacity. After removal of sodium oleate, the non- 
ionic solution was evaporated to a suitable higher concentration 
sc that the colorimetric technique could be employed. 

In flotation experiments, nonionic concentration has 
been around (usually less than) 10“ m/l. Colorimetric 
technique as described above is not feasible for such a 
dilute solution unless this is subjected to evaporation to 
obtain more than 100 fold increase in concentration which 
is tedious. Therefore, the original nonicnic concentration 
had to be kept at higher values. There was no adsorption of 
ncnionic frothor on rutile in absence of sodium oleate. 
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had to be kept at higher values. There was no adsorption of 
ncnionic frother on rutile in absence of sodium oleate. 
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Nnnionic adsorption was noticed in certain concentration 
ranges of sodium oleate as reported in Table 3.1, 


T able 3.1 

Adsorption of Nonionic Frother on Rutile Surface 


Concentration of Concentration of Adsorption of 

sodium oleate m /1 nonionic m/l nonionic_ 

mole s/c nr 

PPG-4 sample 


Nil 

5.4 x 1 0 -3 

Nil 


3.626 x 1 0 -4 

5.4 x 10 " 3 

8.0 x 

10~ 10 


PPG _3 3 ample 



Nil 

4.51 x 10 " 3 

Nil 


3.58 x 1CT 4 

4.51 x ICf 3 

1.1 x 

ID ' 10 

7.16 x 1 0 ~ 

4.51 x ID ' 3 

2.45 

x 10~ 9 


Infra-red Anal vs is 


We nexi attempted to obtain evidence of adsorption of 
sodium oleate and nonionics on rutile surface by infra-rod 
spectral studies using a Perkin-Elm^r model 137 I.R. spectre- 
pnotometer. The infra-red absorption spectral charts for 

sodium oleate* nonionics and rutile were obtained separately. 

-1 

The peak at 1 545 cm in case of sodium oleate is the charac- 
teristic peak for the anti-symmetrical vibration of the 

C ~ 0 group. The ether C-O-C group in the case of nonionics 

-1 

is represented by the peak at 1 1 23-1 1 00 cm . None of these 
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peaks were observed on the rutile surface after equilibration 
of -300 mesh rutile powder with sodium oleate-nonion ic 
solutions. The peaks were not revealed probably due to low 
magnitude of adsorption and removal of weakly adhering 
molecules during washing. 

Viswanathan and Mazumdar showed (18) that rutile 
■created with sodium oleate solution gave I.R. adsorption 
peak at 1510-153 0 cm , characterising ole etc onion-metal 
cation surface product. This could not be confirmed in the 
present series of experiments. 

III. 5 DISCUSSION: 

The adsorption data obtained by the solution method 
(Fig. 3.7) clearly reveal augmentation if collector adsorp- 
tion on the rutile surface with increase in nonionic frother 
concentration. Since very finely divided rutile powder was 
used for the solution method adsorption experiments, some 
doubt remained as to whether these data ore relevant in 
explaining flotation behavior of coarse particles. Adsorption 
experiments with coarse particles by ’direct estimation on 
solid method’ revealed similar trends regarding the effect 
of nonionic frothers in augmenting collector adsorption on 
rutile (Fig. 3.8). The data given in Fig. 3.8 are not 
strictly comparable with Fig. 3.7, since the coordinates 
represent initial concentration, and equilibrium concentra- 
tion values could differ between 'solution method’. 
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peaks were observed on the rutile surface after equilibration 
of -300 mash rutile powder with sodium ole at e- nonion ic 
solutions. The peaks were not revealed probably due to low 
magnitude of adsorption and removal of weakly adhering 
molecules during washing. 

Viswanathon end Mazumdar showed (18) that rutile 

treated with sodium oleate solution gave I.R. adsorption 

-1 

peak at 1 51 0-1 530 cm , characterising oleate anion-metal 
caution surface product. This could not be confirmed m the 
present series of experiments. 

III. 5 DISCUSSION: 

The adsorption data obtained by the solution method 
(Fig. 3.7) clearly reveal augmentation collector adsorp- 
tion on the rutile surface with increase in nonionic frother 
concentration. Since very finely divided rutile powder was 
used for the solution method adsorption experiments, some 
doubt remained as to whether these data are relevant in 
explaining flotation behavior of coarse particles. Adsorption 
experiments with coarse particles by ’direct estimation on 
solid method' revealed similar trends regarding the effect 
of nonionic frothers in augmenting collector adsorption on 
rutile (Fig. 3.6). The data given in Fig. 3.6 are not 
strictly comparable with Fig. 3.7, since the coordinates 
represent initial concentration, and equilibrium concentra- 
tion values could differ between 'solution method'. 
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invclving fine particles and * direct method' involving 
coarse particles. The discrepancy could els , be due to 
(a) errors in measurement of surface area of the samples 
and (b) possible higher surface density of adsorption sites 
in the case of finer samples as used in the solution method. 

Adsorption values as obtained by different methods 
and using samples of different specific surface area are 
of the same order of magnitude* In both cases* the benefi- 
cial effects of nonionic frethers in improving collector 
adsorption on rutile, are clearly manifest* This is also 
confirmed by ths zet a-p oton rial data presented in Fig, 3*9. 
increasing nonionic concentration makes negatively charged 
rutile particles even more negatively charged* This process 
is augmented by the presence of nonicnic frother indicating 
heightened adsor, tion of collector anion* 

The beneficial effect as described above is possibly 
cue to c o-ads orptiun of collector and frother (nonionic) 
molecules on the solid surface. Estimation of nonionic 
frother in dilute solution by the known colorimetric method 
is difficult and tedious. Thus, adsorption of nonionic 

frethers on rutile from dilute solutions could not bo con- 

-3 

firmed. At a concentration slightly above 10 m/l, nonionic 
frothers are found tabs adsorbed in presence of collector, 
(Table 3,1). There is no adsorption in absence of collector, 
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or if th._ collector concentration is too low, This seems to 
be a typical ease of synergism between collector and frother 
molecules - Gcoch inducing adsorption of the other on the 
solid surface* Nonionic molecules ore possibly odsorbod in 
b e twcen'-collcctor hydrocarbon - chains anchored to the solid 
surface* The presence of adsorbed ncnionic molecules in 
its turn induces further adsorption of collector. 

Experimental data(11, Fig, 3,7) at higher concentre— 
tionCrOf nonionics (concentration above their c me ) also shows 
that the adsorption of sodium aleate on rutile decreased* 

The technological implication of this result is that a high 
concentration of frother is to be avoided just as high 
collector d os ago is known to be harmful* 

Leja and Nixon (14) observed the deleterious effect 
of excessive addition of poly-oxy ethylene typo of frother. 
They postulated that excessive addition of nonionic increases 
collector adsorption to the extent of double layer formation 
at the mineral surface rendering it less hydrophobic. The 
adsorption data obtained in the present system (Fig* 3.7) 
are however not in agreement with Leja and Nixon* s postulate, 
ft high sodium oleate concentration , adsorption of this 
collector (Na-01) on rutile is decreased if nonionic concen- 
tration approaches or exceeds its cmc* Thus the flotation 
one! adsorpion data for higher nonianic concentration ore 



SC 

better explained by the postulate of mixed micellizat ion ana 
depletion of collector molecules from the bulk phase. 

The binding force between the adsorbed collector end 
frothor molecules is possibly of the wan cJer Waal tyoc between 
the hydrophobic chain of collector cond nonienic molecules. 
Cohesion strength of the collector film on the mineral 
surface is enhanced due tc. rise in association energy and 
improves the adsorption condition as demonstrated in the 
cose of n- alkane addition to the quartz n- alkyl ammonium 
salt system (19). There may be additional hydrogen bond 
linkages between the electronegative atoms in the polar parts 
of the collector and frother molecules. Sandwiched nonionic 
molecules decreases the force of repulsion between adsorbed 
collector anions* 

The adsorption density of the ions in the Stern layer 
is given by 

\, = 2rC exp W^/kT } 

where \ ; is the adsorption density in mele/crn 9 r the radius 
of adsorbing ion, C the bulk conccntr ntion of the collector in 
nulu/ml, k the Boltzmann constant, T the temperature in 
degrees Kelvin and is the work required to bring an ion 
from the bulk of the solution to the double layer* Using 
too adsorption data obtained through the 1 solution method*, 
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the value of W. for oleate ion to be adsorbed on rutile has 
been computed. This.. is of the roreder • of -10 kT in absence of 
ri jninnic, and there is an increase of about .2 kT in the 
absolute magnitude of in presence of optimum proportions 
c ? nun ionic frothers. 


To summarise, clear evidence has been ebxained regard- 
ing the interaction of collector and frothcr molecules in a 
rutile flotation system -both in the solid-liquid as well as 
the liquid-gas interface. Increasing nonionic frothcr concen- 
tration increases flotation recovery as well as collector 
adsorption density on the rutile surface. As the nonionic 
concentration approaches or exceeds its cmc , the above two 
parameters decrease, probably duo to abstraction of collectur 
ions from the bulk to the mixed micelle phase. 


E el ow the cmc of nonionic frothcr, there is augmentation 
of collector adsorption with concurrent adsorption of non- 
i,,nic frothcr molecules on the solid surface. Similar syner- 
gistic effect is noticed in the liquid-gas interface in which 
not only frothcr molecules but also the collector molecules got 
adsorbed through mutual interaction. Somosundaran and 
Fuirstcnnu (20) had postulated earlier that collector species 
are adsorbed both at the solid-liquid and liquid-gas 
interface. The collector adsorbed at the liquid-gas inter- 
face, that is, at the interface of the gas bubb|Ic _f ac ipLifaafte s , 


$£K i -v oL 
Am. Ms, J7L 
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reduction of the time necessary for the formation of the 
solid-gas interface, since the collector ions are now carried 
to the solid surface by the bubble. The amount of collector 
ih t could bL transferred to the solid-gas interface from 
the bubble surface upon contact is significantly higher than 
teat which could be transferred from the solid-liquid 
ir ter f ace . 

Marcus and Sandvik (21) also proposed that under 
normal flotation conditions the adsorption of surface-active 
collector on solid surfaces is governed, tc a large extent, 
by a transfer of collector from the gas-liquid interfaces 
to the solid surfaces. Thus the adsorption densities found 
in solid-liquid system are often not representative for 
n- lid-liq uid-g os system. Transfer of collector as well os 
frother molecules from the liquid-gas interface to the solid 
surface during the establishment of the three phase contact 
can be justifiably proposed. This constitutes an additional 
see,, of c ollec tur-f rothor interaction. 

Thus the conventional notion that collector is active 
at the solid-liquid interface and frother at the liquid-gas 
interface only, is over-simplistic. Much of the phenomenon 
of mineral particle-air bubble contact in a flotation system 
is due tc mutual interaction and co-adsorption of collector 
and frother molecule at the different interfaces. 
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CHAPTER IV 


CONDUCTIVITY MEASUREMENT OF C □ ELECT OR-F ROT HER INTERACTION 

IV. 1 INTRODUCTION: 

The electrical conductivity of a solution is due to 
the movement of the charged species of different kinds 
present in the solution. It is measured in a conductivity 
cell with electrodes of suitable area a suitable distance 
apart, and the values so obtained may be used to calculate 
equivalent conductance (Jt) by the formula A* = 1 000 k/c 
where k is specific conductance, c is concentration in molos/iit. 
j l is the conductivity that would have been observed if the 
electrodes had been one cm apart, and large enough area to 
have between them a volume of solution sufficient to contain 
one equivalent of solute. 

The variation of equivalent conductance of strong 
uni-univalent electrolytes is ,gi/en by the Onsager relation; 

.A = A- p - (AqA + b) c 

where j\ is the equivalent conductance of the solution at 
infinite dilution, and -A„the conductance at the concentration 
of c mole s/1 it. and A and B are constants for the system. The 
Qnsager plot involves plotting JV against \c, from where . 
constants A and B can be evaluated. Useful information about 
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the solution behaviour of surfactants in water has been 
obtained by such plots. As on example, we show the Onsager 
plot for the anionic detergent sodium dodecyl sulfate (5DS) 
in Fig. 4.1, taken from Void and Void (1). At very low concen- 
trations, the conductance behavior of 5D5 follows the Onsager 
relation. At the critical concentration region BC , the 
equivalent conductance drops sharply, but finally, in fairly 
concentrated solutions, it again rises-' slowly. Such a 
behaviour is typical of systems that aggregate to form 
micelles and the critical micelle concentration (cmc) is 
deduced to be in the region BC . The cmc value for SDS is 
seen from Fig. 4.1 to be 1 0 ~ m/ 1 . 

Conductivity measurements were used by Biswas and 
Mukherjcc ( 2 ) and also by Tokiwa and Moriyama (3) to study 
the effect of nonicnic surfactants on the cmc values and 
conductance values of some enionic surfactants. Biswaa and 
iV iukherjee (2) used Lubrol W as the nonionic and Lissapol C 
as the anionic surfactant. From the conductance vs. concentre 
tion curves for the (Lissapol C:SDS) system they concluded 
thou conductance increases with the addition of nonionics 
•-'nd the inflection point gradually tends to disappear. They 
explain that the role of the nonionic is not only to replace 
the N o + ions in the micelle, thereby increasing the conductanc 
in the micellar zone, but also to form mixed micelles even at 
lower concentrations. The effect of dodecyl polyoxyethylene 
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ethers (C^POE) on the m ice 11 izati on of 5DS has been studied 
by Tokiwa and Moriyama (3). They studied the effect by 
changing the mole ratio of SDS/C^POE, and the chain length 
of POE, in order to study the mixed micelles formed by the 
ionic and non ionic components. It was found that at low 
concentrations of 5D5 , the specific conductance (k) of the 
mixed solutions of 5DS and C^POE arc smaller than these of the 
solutions of pure SDS alone. This was explains! as due to the 
incorporation of the ionic components (DS - ions) into th^ 
nonionic micelles. In the region of high c on ce ntr at ion s of 
5DS „ on the other hand, the values of k for the mixed solu- 
tions wore found to be greater than those for the pure anionic 
solutions. It thus appears that equivalent conductance mea- 
surements would be of value in monitoring the interactions 
between nonionic (frother) and anionic (collector) surfactants, 
and in identifying the mixed micelles that may farm in these 
binary aqueous solutions. 

Wo have studied the effect of non ionics (PPG-3 and 
PPG-4) on the specific conductance value of sodium dodocyl- 
benzeno sulfonate (Na-DBS) solutions, both at pre-and post- 
mi cellar c on con t rat ion s . The results arc reported in this 

diopter. The value of J\_ of Na-DB5 in water alone, and 
in presence of non ionics ‘..at different concentrations, are 
also calculated by extrapolation to zero concentration. The 
effect of non ionics on the conductance of Na-olsate solution 
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was studied earlier by the author of this thesis and the gist 
of the results is mentioned in brief, 

IV. 2 EXPERIMENTAL: 

The conductivity of aqueous solution of sodium dodecyl 

l<uizcne sulfonate alone, end mixed with tet re propylene and 

f ripro pylune glycol monomethyl ether (PPG-4 and PFG-3) was 

determined by using a conductivity cell of known coll constant 

and a conductance bridge* Metrohm AG k ond u kto mete r E 382 ? 

ac 3 5° jh . 1 °C . The water used in preparing the solutions had 

— 6 — 1 «. 1 

a specific conductance approximately of 1*0 x 1C ohm cm 
Dye titration experiments to detect the micelle formation was 
used as per Corrin and Harkins (4). 

IV * 3 RESULTS AND DISCUSSION 2 

The specific conductance values of Na-DBS in aqueous 
solution in the absence, and in the presence of PPG-3 arc 
shown in Figs, 4*2 9 and 4.3, The values were plotted as 
specific conductance vs. concentration of Na~DB5. The inflexion 
point so obtained is the cmc of Na-DBS and its value is about 
2 x 1 □ m/1. This value of cmc was also confirmed by the 

U yc-t it r ati on method using Rhodamine 6G as a dye (4), Fig, 4. 2 

shows that the .specific conductance increases upon the 

-5 

addition of PPG-3, at concentrations of PPG-3 IQ m/1 and 
IQ*** 4 m/l « The intrinsic contribution of PPG-^3 to the conduc- 
tivity is negligible since the specific conductance of nonicnic 
0 . lutions in the absence of Na-DB5 is about 2-3x10 ^ mhos. 
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Identical results were obtained for the system Na-DB5s 

_4 

PPG-4, again when the concentration of (PPG -4) was 10 ~ T m/1 
and 10 * m/1 os shown in Fig, 4* 5 * This increase in conduc- 

iance of l\L -DBS solution at concentrations above its cmc 
accompanying the addition of nonionics such as PPG-3 and PPG-4 
might duo to two factors, as considered by Biswas and 

Mukharjce, (1) The abundance and mobility of free ions ( N a + ions) 
obtained as dissociation products, (2) The mobility of the 
mixed micelles * 

In a typical sodium dodecyl benzene sulfonate micella, 
thi electrostatic repulsion of like-charged DBS-ions is coun- 
ter balanced by the gegenions viz* N f which are sandwiched m 
between* The nonionic (PPG-3 and PPG-4) molecules may subs- 
titute Na + while at the same time reducing electrostatic 
repulsion as referred to above* Added to this, there may be 
cd litional low energy bonding between the nonionic molecule 
and the anionic chain such as hydrophobic association* The Na 
ions released through the above process WGulh obviously 
increase the conductivity of the IMa-DBS? solution. Somewhat 
similar observations were made and interpreted by Tokiwa and 
r'ioriyama (3) as well. 

It is also found from Figs. 4.3 and 4.6 that at a given 
concentration of Na-DBS (above its cmc) the conductance value 
starts decreasing when the concentration of non ionics (PPG-3 
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— 3 

and PPG-4) arc raised upto IQ m/1 or beyond. This decrease 
in specific conductance of Na-DBS at th^se concentration of 
* ’ dG ~ 3 and PPG-4 (well above their own cmc) is probably due to 
the incorporation of the anionic collector (Na-DBS) within the 
nonimic (FPG-3 and PPG-4) micelles, which decreases the 
cp;.. -rent concentration of Na-DBS molecules upon the formation 
of mixed micelles. 

The effect of PPG-3 and PPG-4 on the equivalent conduc- 
tance of !\i a— DBS is shown in F igs, 4,4 and 4*T respectively. 

There is an increase in the equivalent conductance upon the 

-5 -4 

addition of 10 to ID m/l of PP&,. The addition of larger 

-3 

amounts of PPG (10"" m/l) decreases the equivalent conductance 
of Na-DBS, indicating the formation of mixed micelles of PPG 
where Na-DBS is incorporated in PPG -mice 11 c s , The value of 
k have been calculated to infinite dilution. The theoretical 

* , '-G 

Onsagcr slopes are salso shown as dotted line in Figs, 4,4 

and 4 # 7. The effect of PPG on the A value of Na-DBS is 

o 

tabulated in Table 4,1, 

Inspection of Table 4,1 reveals t h at values of 

Na-DBS undergoes small, but significant cchangas in the presence 

\ 

of the nonionic PPG molecules. In some cases the change m ^ w 
value is only marginally above experimental error while in 
others it is significant. This is contrary to the anticipated 
invariance in the_A. Q values. Indeed, Scott and Tartar (5) 
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Table 4.1 

Effect of Nonionic (PPG) on Jl Value of N o-DBS at 35°Q. 


51. 

No. 

Concentration 
□f tripropylene 
Glycol monomethyl 
Ether ( RP-G-3 ) , in 
m/ 1 . 

A V al u 0 

w - 0 2 

mho cm / m 

C 0 nee n tret ion 
of tetrapropy- 
lcne Glycol 
monomet h yl 
Ether (PPG-4) 
in m/l. 

/V- Value 
c 

mho c m / rn 

1 . 

Q 

200* 

0 

200* 

2. 

1 o“ b 

204 

1 o~ 5 

206 

3. 

ID -4 

205 

1 o’ -4 

21 7 

4. 

io ~ 3 

204 

1 o“ 3 

200 

5 . 

1 o~ 2 

201 

10 -2 

200 


This is equivalent to ^ DBS"” = since /\ j^+ is 60 at 35°C. 


noticed no changes in _/\ value in the aqueous solutions of 
sodium ethyl benzene sulfonate. However, our results for 
Na-D3S show slight positive deviation in Jf's^ . f-'iukherjoe and 
i-lysels (6), and Mukherjee (7) have suggested that there may be 
dimeric association of ionic surfactants even at pre- mice 11 ar 
concentrations. Corriuctiv ity data on dilute aqueous solutions 
of ionic surfactants show (6,8) deviation from the Debye 
Huckel Onsager expression. The higher conductance values, 
experimentally obtained in these cases hove been stated to be 
due to the dimerization of the surfactant ions in which the 
ions heads arc held = f ar apart and the flexible hydrocarbon 
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c iiains arc inter coiled. This would result in a reduction 
in the hydrodynamic resistance for the dimeric ions during 
their movement. This postulate has been supported from 
experiments on the transference no, of 5D5, which is found 
to bo higher than the theoretical value (7). It is likely 
that we arc encountering a similar possibility of dimeriza- 
tion of Na-DBS, since in this cases (a)jL Q shows slight positive 
deviation, and (b) the equivalent conductance of the anionic 
surfactant increases in the presence of low concentrations of 
PPG, Further experiments on such pre-micellar aggregation 
would be of use in validating this possibility. 

We have studied earlier (9) the effect of PPG on the 

conductance of the second anionic surfactancc Na-Oleate, The 

results of these study are presented in Figs. 4.8 and 4.9. 

The behavior in this system parallels to a large extent what 

is being seen in the case of Na-DB5. For sodium oleate,j\^ 

s 2 

works out to be 83, 5, and x\ 0 i~ to be 23.5 mho cm /mol. at 
25 L 'C. This value is much lower than the corresponding value 
for Na-DBS. In presence of nonionic, the conductance of 
sodium oleate solution increases slightly both in the micellar 
as well as p os t- mice 11 ar zone, provided the nonionic concentroti 
is not much above its cmc . However, if the nonionic c oncentr otic 
is maintained at a relatively high value (above its cmc), such a 

_3 _2 

"1 0 or 10" m/1, there is appreciable dec re as e in conductance 
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particularly at higher concentrations of sodium oleate* This 
decrease is much more prominent for sodium oloato than for 
I\i e-DBS, indicating stronger interaction of the former within 
the PPG — mice! le * 

In studios involving sodium oleate, a special problem 
need tu be cons id ere d. It has been suspected that sooium 
salts of fatty acids, such as Na-Dleato may underge hydi'olysis 
If this were to happen, a straight forward interpretation of 
conductance data here will bo difficult* It has boon sugges- 
ted (10) that in soap solutions of pre-miccllar concentrations 
there arc rot only soap anions (X~) f but also acids (HX), and 
complexes such as (HX^)? (X^), anc ^ ( HXX ) ^ • T ho change in free 

energy for the xdime rizat io n of the oleate anions has been 
estimated (11) to be -7 cal/mol., suggesting that in the 
carboxylic acid solutions of soaps, aggregation at the pre- 
miceliar stage occurs as prelude to conventional mic ollization 

To summarize, conductivity measurement of Na-DB5 alone 
and in presence of PPG-3 and PPG-4 at different concentrations 
shows that when concentration of PPG is low there is mixed 
micelle formations by incorporating PPG molecules in No-DBS 
micelle but if the concentrations of PPG is well abovo its 
emc value the decrease in conductance value of N a-DB5 can be 
explained only in terms of the proposed formation of mixed 
micelle of type nonionic micelle and Na-DBS molecules incorpo- 
rated in non ionics micelle* 
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CHAPTER V 


LIGHT - SCATTERING STUDIES ON THE SIZES AND SHAPES OF THE 
MICELLES OF PPG, AND ON THE INTERACTION BETWEEN PPG 

AND IONIC SURFACTANTS 


7.1 INTRODUCTION, 

During the elastic scattering process involving 
radiation of frequency $ (or wavelength A = C/v)) and incident 
electric f ield E q) the field strength of the scattered 
photons E s is given by 


E 


s 



oc E q Sin 0 


(5.1 ) 


where cc is the polarizability of the scatterer, C is the 
velocity of light, r is the distance between the scattering 
element and the observer, and angle 0 is the angle formed 
between the dipole axis and the line of observation as shown 
below ; 


The 



intensity 


b c re d 
_Xrr,c id e ni 

ratio is given by; 



I s (tS) 

L 


4 2 2 

1 6 TU Ct / 1 4- C OS Q \ 

, 4 2 1 2 ' 

A r 


(5*2) 
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where I q and are the intensities of the incident and out 
coining beams and @ is the angle found between the incident 
and scattered beams. This is the b asic-Rayleigh equation 
of 1 ig ht- sc att er ing for a single scattering element. 

The quantities actually measured experimentally are 

the Rayleigh ratio R which is given as, 

0 

2 Pden.f 2 

R e = r — jin + cos 6 ) (5.3) 

1 - 1 

or the turbidity ~-y~ — — = c" T (5.4) 

o 

These are related as, 

1 6 % 

T = —3 - (5.5) 


I bein^ the total scattered intensity, we have then 


8 Ca 


0 


(5.6) 


The above relation is valid under the following 
c onditions : 


( 3 ) The incident beam is monochromatic and parallel j 

(b) The particles scatter independently of each other 
(infinite dilute solution); 

(c) Each particle is randomly oriended in space; 

(d) There is no absorption of the radiation; 
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(c) The particles ore isotropic; and the interaction 

between the scattered and incident radiations inside the 
particles may be neglected, as for example, secondary 
sc altering. 


T hr~ solution, wc deal no longer with single non- 
interacting particles immersed in vacuum. Keeping temporarily 
the assumption or independent particles, we immerse them new 

in a medium, which itself has a polarizability a ; the 

o 

observed increase in scattering when the solute is introduced 
into the pure solvent represents now the excess polarizability 
of the solute - over that of solvent molecules. The particles 
in solution ore in constant thermal motion. Consequently, the 
real factor to consider is not the polarizability % itself, 
but the fluctuation /P q; in various volume elements in the 
medium. 5ince polarizability itself is related to the refrac- 
tive index n, the termA-tfcrn be written in terms of the refrac- 
tive index increment (J'n/c'C), following Debye, The Debye ex- 
pression for light scattering is then written, including the 
virial terms, as below; 


He 


'e 


M- 


[ 1 + 2Bc + 3C cj + ...] 


(5.7 


where K = 2-^ t anc ^ H = 1 6-^/3. 

The subscript 2 refers to the solute whose concentra- 
tion is expressed in g/ml. and molecular weight is thi 

Avagadro number, n the refractive index of the solvent (for 
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dilute solutions) and A, t ho wavelength of photons used for 
scattering. and ,A t are the excess Rayleigh ratio and 

excess turbidity respectively of the solutions over pure 
solvent, and (of n/c'Cj) is the refractive increment which has to 
be determined, using a ref r octometer (usually a differential 
ref r actome te r) . 


Thus, in a two component system when there is no 


Kc. 


interference effect, a plot of the sc altering function — 
as a functi- n of the concentration gives a curve, the 


or 


_ 0 

intercept of which is the reciprocal of the molecular weight, 
end whose limiting slope is the second virial coefficient. 


Large Particles and Particle Geometry : 

When the dimensions cf the particle are of a magnitude 
comparable to the wavelength of the radiation, interference 
occurs between the radiation scattered from individual ele- 
ments within a particle. As a result, the scattering envelope 
is assymrne tr ic , The reason for this is shown below: 
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1 he particle is large with respect to the wavelength 
of the radiation. Let us consider scattering from elements 
n ond m observed at points P and Q W.-efind that when radia- 
tion scattered from elements n and m reaches point P (in the 
forward direction), there is no great difference between 
the path lengths of two rays, so that they are not .".much 
out of phase with each other and interference is small. 

However, 'when the radiation scattered from n and m reaches 
point Q (in the backward direction) the total distance travelic 
by the ray m is much greater than that from n (greater by 
nm + mQ - nQ) . As a result, the two rays can become completely 
out of phase, leading to serious interference. In the forward 
direction, i.e. along the incident beam, scattered radiation 
from n and m is fully in phase, there is no interference, and 
the observed scattering is the sum of the scattering from all 
elements within the particle. The scattering envelope then 
has a shape similar to that shown below: 



In order to obtain the correct unattenuated scattering 
intensity, it becomes necessary to extrapolate the data to 
zero angle. 



Quite generally the effect of large size of the 
particle is described by a function P(@) known as the 
'scattering function' defined as 

P(q) _ Scattering intensity for a large particle 
Scattering intensity without interference 

P(0) usually has a value loss than unity when@is large, but 
increases steadily to a limiting value of unity as © 
reduces to zero degree. Thus for large particles, eq.(5.7) 
will apply when 0=0, i.e. if the data ore obtained at 
several angles 0 and extrapolated to 0 = 0°. This limit is 
usually expressed as 



Kc 2 
R 

0 ° 


i he general equation for the 
has been given by Debye as 

P(e> - \ f 

a i=1 

A >rr 

where n. sin (0/2) ; r . . is the vector distance 

rj 

between two scot coring paints i and j of a total sot of cr 
scattering points within the large particles. P ( ©) has also 
boon related to the radius of gyration (root mean square 
average) of the scattering particle as; 


particle scattering factor P (@ ) 


a sin ur . . 

^ r.l 

jtr f r ij *" 


(5.8) 


_J 

P(0) 


R ? sin 2 (e/2) 

3 A G 


L imit 

e -> # 


(5.9) 
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This equation is valid only at very low concentration 

arvj one re fore it is necessary to extrapolate the data at each 

angle to zero concentration , Again for a large particla 

ec. (5,7) as valid only at the limit 0 = Q c , Zimn has formu — 

Kc^ He- _ 

lated a method for plotting ■= (or ) vs. sin^G /2+ kc 

e ^ T e 

where k is an arbitrary constant chosen to accommodate aL 1 the 
drta in a graph sheet. The c = 0 line and 0-0° line both 
should meet at y - axis giving an intercept of 1 /NU . The slope 
1 1 c line gives Rg arid the slope of 0 = 0° lino gives the 

value of second virial coefficient. 

d(G), end Their Relation to the Particle Shape", 

The angular dependence of P(9) for a flexible coil, for 
•- sphere, for a rod and for ellipsoids of revolution with 
various axial ratios p has been given in the literature and a 
representative report of this is due to Koch (1). In general 
P \ q ) is plotted against the product £ sin (0 / 2) a], where 

& iu the relevont dimension of the scattering particle. 
Alternatively it can also be plotted vs. £ sin (9/2) R,-], 

Such a plot is shown in Fig. 5.11. The relation between 
P(G) and Rg has already been given in cq* (5.9). 

It is possible to calculate Rg for various shapes of 

2 , 7 

scattering particles. For a solid sphere of radius R, R r = 3/5R" 

b 

2 2 

■or a long straight rod of length L, Rg = L /12; for a flexible 
coil of end to end distance ( h"^ ) 1 , 6Rg equal to h“^ ; and 
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for a prolate ellipsoid of revolution of semi axes a, a, b and 

2 

axial ratio p = b/a; Rg = a( ^ ^ ^ » Thus a study of 
light-scattering is of great use in the determination of 
molecular weights and shapes of large scattering particles 
such as polymers and micelles. 

Table 5.1 lists the scattering function and radii of 
gyration for various particle shapes,, 

Lig ht- sc altering studies on surfactant micelles have 
been reported predominantly for ionic surfactants (2-13). Ir 
has been possible to derive the molecular weights and shapes of 
micelle from such studies. On nonionic surfactants there have 
been increasing reports in literature of the use of light- 
scattering technique (14-30). However, while people have 
derived the size of the micelles, there has been very little 
information available on the shape, radii of gyration and 
scattering functions. Becher (30), Tokiwa (31) and Schick(32,3 
have done useful work in this area. Becher and Arai have 
suggested (30) possible models for the shapes of nonionic laury 
surfactants. Light-scattering studies on mixed micellar 
systems (31—36) have been few and even in these cases informa- 
tion on Rg has been sparse. However * other techniques such os 
viscosity and NMR have been used to study the molecular 
organization in mixed micelles. 
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T abl g 5.1 

Scattering Function and Radii of Gyration for Various 

Structures 
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In this chapter wc have used the technique of light- 
scattering to study the micellar aggregation cf two frothers 
belonging to the polypropylene glycol monomothyl ether family 
i.o. the trimer and tetromcr denoted respectively as PPG-3 
and PPG-4. We show that these indeed form micelles in aqueous 
, elutions but the exact shape of micelles cannot be unequivo- 
cally stated. I Id have also been able to monitor the format! vn 
of mixed micelles between the frothers and collectors such as 
scifuum dodecyl benzene sulfonate (Na-DBS), and Na-01eate ( d a-0 
Seme information about the molecular organization within the 
mixed micelles is reported in Chapter VI by the use of NMR 
spec t ro sc o p y . 


V .2 EXPERIMENTAL: 

V . 2 . 1 Preparation of Dust Free Solutions : 

The main problem in light scattering measurements is the 
/reparation of solutions completely free of particulate matter 
such as air-borne dust, solid particles which may be abrades 
from the apparatus etc. This requirement cf ultra-clean solu- 
-cions is unique and does not occur to a similar extent m any 
t her physical measurement. Not only must the solutions directly 
examined be completely free of extraneous particles, but there 
mu at be an ouxilliary source of relatively large quantities of 
rust free-solvent for use in washing pipettes, cell covers and 


for dilutions. 
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Organic solvents, and solutions in them, arc probably 
o c.sy t _i clean because of their generally low viscosity and 
their low polarity, and for the same reasons, p articulate 
contaminants which may accidently enter the solution after 
clarification tend to settle out in the cell and not to 
^ n ^ :r - , -^uto to chc scattering. With aqueous solutiun , it 
booms that the higher polarity of water has an effect probably 
electrical, on dust particles, which inhibit their removal 
from the bulk of the solvent and rapidly cause their susoen— 
sinn ,.ncc they are separated. 

The normal mode of downward filtration under vacuum 
connot bo used with detergent solutions, since splashing and 
forming result in the formation of stable foams which may 
cause the solution to be dirtier than before filtration. With 
aqueous solutions, the higher viscosity and polarity of water 
render centrifugation much mere time-consuming, and subse- 
quent contamination is likely to cause more trouble. The 
method we hove adopted is the cleaning of solvents and stock 
solution of additives by pressure filtration through a 100m^ 
pore size Miiiip 0re filter in an assembly mode of stainless 
steel. The filter assembly with its attachments is shown in 
Fig. 5.1. The whole assembly was throughly cleaned with 
triple glass distilled water. The ion exchange water was 
always avoided due to the possible presence of some ion-cxchnng 
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r._ sin 


particles which reduces the eff 


ieiency of the filter. 


The mil lip ore filter was placed in the middle flange with 
supporting stainless steel mesh as shown in Fig. (5.1). The 


f liter 


and stainless steel mesh were tightly positioned by 


screwing nuts. The upper portion of assembly, filter flange 
an- o otto in portion of assembly was placed as shown in Fig.5.1. 

I he G" rings were pi ace d b etween the two flanges in grooves 
rii.. . l. in the iloiues. The flanges wore tightened with the 
help of 6 screws to avoid any leakage. The solvent was 
Tilled through the cop in the upper portion of the assembly. 
Approximately 2 50 ml of solvent can be filtered in one 
. ilt ic l ion . The pressure in the upper part of the assembly was 
maintained by an inert gas so that filtration rate is 10-15 
drops per minute. If the filtration rate was higher, the 
pressure was released through a needle valve. Tho first few 
filtrate fractions were thrown out, then the solvent was 


collected in a glass bottle cleaned by dust free solvent. The 
iunnel, tho pipette and all glass-ware were throughly cleaned 
3 Y dust free solvent. After 3 or 4 filtrate fractions had 
been collected, the filter was replaced. The filtrate after 
each filtration was checked in the photometer for dust par- 
ticles. Any dust particle in the solvent shines like a star 
in the dark chamber when seen perpendicularly. The best way 
to check the solvent as to whether it is free from any dust 
and foreign particle is to measure the dissymmetry ratio 
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Ac ^ ^ 1 n r o ^ * When the solvent qives the HiV- , 

4o 135 yxvi *' s tr| e q jls 3 y mm 3 try r^tio 

“ JUnJ ’’ “ " ^ thE bGEt storting me asurema n t . 

Tne solvent for each SGt of ratings was prepares fresh and 

"" St0r ° d ^ ° W9htly Cl osed 9loss bottle. The light- 

scattering cell was throughly cleaned with the dust free 

s ulvu nt and driud with i ^ 

' lie. covering the cell before storting 

t he measurement. 


' / * 2 * 2 B.Sl£activ c^_Index Measure rent* . 

Any macro molecule in a solution, when effected by thor..sl 
motions of the solvent molecules, gives rise to small density 
fluctuations throughout the solution. These ultimately l ee d 

scattering of light due to the resultant mic rc-inhomo- 
gonieties , and some change in the refractive index. This 
property of the molecule con be quantitatively represented by 
" nieoSurable Parameter called the refractive index increment 
Cln/dc - This term occurs in the practical light-scattering 
equation to the second powei. This means that an error of, 

° dy ’ 2 P erc ent, in its determination leads to an error of 
4 percent in the derived molecular weight. Hence it becomes 
accessary to measure this parameter with great accuracy. The 
dn/oc measurements were done on Brice-Phonix diffractometer 
(<-000 series). The instrument consists of a mercury arc light 
source , with color filter to isolate either the 436 mp blue 
or 546 mp mercury green lines, a vertical illuminated slit 
and a thermostated square glass cell si/th a 25° diagonal alass 



91 


partition dividing it into solution and solvent compartments. 

The slit image is focussed Dy a double convex lens and its 
position measured in a microscope fitted with a micrometer 
eyepiece. The divided cell is mounted on a turntable whose 
axis or rotation passes through the glass of the partitions 
(rotating the cell 180° serve to double any deviation)* These 
optical components are mounted solidly on any optical bench. 

The dn/oc value was calculated from the straight line (n vs c 

u,r cip h ) . 

V . 2 * 3 Angul a r Measurements : 

Angular measurements were made on the Bricc-^ honex 
Universal Light-scattering photometer (2000 series) using the 
cylindrical cell C-101. Initially 30 ml of the solution 
was taken in the cell and the temperature was maintained ax 
35° + *1°C by circulating water from a constant temperature 
both through the water jacket which encloses the cell assembly. 
The deflection (Gg) at various angles were read from an atanenud 
galvanometer* The procedure adopted for operating the instru- 
ment was followed as described in the operation manual. 1 he 
deflection reading was always kept above 50 divisions on the 
scale by adjusting the combination of filters. Angular measure- 
ments at different concent rations were made by dilution. The 
angular measurements jVrlucS were cf oune xo b.; *•+ 10^ repro- 
ducible in the dilute ccnce n tration rnxigo „ 
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n - Refractive index of solution; 

R w /K c Residual refractive index correction. This factor 

arises because the foreshortening of the field of 
view of the detector is not completely corrected by 
the working - standard diffusor comparison. This 
correction decreases with decreasing cell sizt end far 
"^h ' cell used was found to be 1.1. 
r/r' Calibration factor fer use with the narrow diaphragns. 

Since the calibration factor r/r’ is dependent ■ n the 
ref roctivo index of the solution, it must be d ctermin. ■. 
for each solute-solvent system to bo studied. Lamp 
replacement or small changes in alignment may effect 
r/r’. Consequently, its value should be checked 
occasionally. In our system it was found t, be 0.551. 
ii Height of beam in cell; 

0 Angle of measurement 

R is the fraction of the primary beam reflected at the 

exit window and is defined by 


whore n is the refractive index of the glass for light 

/\= 436 mp, .The value of R is 0.39 for coll C-1 0 1 , 

r j Deflection at 0 angle; 

G Deflection at 0° angle; 

W 
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The value of H (optical constant) is calculated from 
the equation 

H - 3 (dn/dcT 

3/\ 4 N 

W I’llTG , 

n = refractive index of solution; 

c = solution concentration in g/ml; 

dn/dc = refractive index increment; 

^ = wavelength in vacuum; 

N = Avogadro’s number. 

V * 3 RESULT S AMD DISCUSSION : 

There is indication from studies in the previous 
chapters that pure nonionic surfactants propylene glycol 
mono-methyl ethers of degree of polymerization 3 and 4 
(referred to as PPG-3 and PPG-4 respectively) associate in 
aqueous solution to form micelles* Other authors have 
studied the aggregation of Lauryl derivatives (C^ hydrocarbon 
toil bearing) of p olyoxymet hylene in water by both hydro- 
dynamic and spectroscopic methods and established the presence 
of micelles in these derivatives. Our compounds lack such a 
hydrocarbon tail; therefore it is of interest to study 
whether PPG-3 and PPG-4 also form micelles in water. The 
structure, of these two surfactants are given below: 
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lnspitc of the absence of any long hydrophobic groups in those, 
the presence of the CH^ and OCH^ groups and the absence! of 
ionic heads which would repel each other, seem sufficient to 
cause., micellar aggregation. In order to confirm such micelle, 
aggregation in PPG-3 and PPG-4, we undertook careful light- 
scattering studies on these systems. 

The results of light scattering investigation on pure 

fractionated PPG-3 in aqueous solution are presented in Fig. 5.2. 

The turbidity values HC/9yt_ are plotted simultaneously as a 

function of increasing c oncentr ation 9 and scattering angle Q . 

Such n plot, termed the 1 ZIMM PLOT*, yields a parallelogram 

with one corner meeting the ordinate* The concentration range 

of PPG-3 chosen was well above the critical micelle concentre- 

tion ( c me ' 1 m/l) as determined by the surface tension 

-3 -2 

method and was in the range 5,8 x 10 gm/ml {2*8 x 10 m/l) 

2 3 

uj 1*59 x 10 gm/ml (7.7 x 1 0~ m/l)* The angles chosen 
ware 0°, and between 45° and 90°, at 5° interval. The constant 
k was chosen to be 100 in order to fit the graph in the paper* 
The 0° angle line has a slope which is nearly zero, indicating 
a negligible value for the second virial coefficient t \^ » r.e. 
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no significant in termolec ul ar interaction. However, the 
lines tor all other angles do show a small negative slope. 

It ic difficult to attach any physical significance to these 
small negative slopes at Q ^ 0°, since extrapolation tc zero 
angle is necessary for large particles. The molecular mass 
calculated from trio J Zimm plot* for PPG-3 from Fig. 5.2 comes 

c 

nu i'. to bo a value of about 2.5 x 10 . This is a clc or indie at ic 
that micellar aggregation of PPG-3 happens in water. Since the 
monomer mass of PPG-3 is 206, the number of molecules asso- 
ciated in a micelle is on an average about 1 000, a very largo 
number indeed. In the case of p olyoxymet hyl ated lauryl 
alcohol (C^POE) such a large aggregation is known (37). In 
S.^POE, aggregation numbers of the order of 700 to 4000 have 
been reported, with practically no hydration at such degrees 
of association. However, iith C^POE the maximum value for 
the aggregation number reported by Becher (37) ore about 200, 

while for C POE values as high as I600ohavc been reported. 

1 o 

-r 3 

In this light the value of 10 for PPG-3 is striking especiall 
since PPG is devoid of any hydrophobic core. It is noteworthy 
-hit Becher has shown that the aggregation number for homoge- 
neous surfactants are considerably larger than for polydispers 
samples , the samples of PPG-3 and PPG-4 used in this thesis 
are fractionated and homogeneous fractions, a factor that may 
increase the aggregation number for PPG-3 and PPG-4. 
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It is also known that as temperature increases, the 
micellar size also increases. All our measurements were at 
r» temperature of 35 + > 1°C. The difference in chemical struc- 
ture between POE and PPG-3, and a higher temperature of 
measurements may both contribute tc the large value of n ebser- 
u. .d in »ur system (It is notew _r th y that for hex aoxymet hyl at c d 
lauryl alcohol, the micellar aggregation number increases from 
4 0 C to 1400 between 25°C and 35°C. At 45°C the value is ^QOG) . 
Presumably the CH^ groups in the repetitive side chain offer 
sufficient hydrophobic character resulting in micelle formation. 

The indication that micelle aggregation occurs in PPG-^ 
an water, and that the average molecular weight of the micelles 
is of the order of 10^ suggests the size of the scattering 
particle to bo large. Hence we take recourse to use of particle 
scattering function P ( ©) which is defined as the ratio of 
scattering intensity of large oparticle tc that occurring 
without interference. When 0 is relatively large, P ( @) would 
be much loss than one and at the limiting condition of 6 = 0° 
P( 6 ) should be equal to one. Therefore one ought to use values 
of HC/a-Cq at the limiting value of P ( 6) = 1 inorder to obtain 

molecular parameters. The relation between P ( ©) and radius 
cf gyration (R,-) of the scattering particle is given by 
uq. (5.9) and the relation between HC/^Tqj Qnd 13 9 iven b y 

:q . (5.7). Calculation of such a slope from the Zimm plot 



99 


V l * i 0 • 

y i r id 


5.2) , 
o valu 


and from P 

o CFL> 

5 av 


1 ( 0) vs . sin^0/2 curve given in Fig. 5*9 
of 1627 A° for PPG-3 micelles in water* 


Further interpretation as to the shape of PPG-3 micella 
comes by an examination of the form of P(0) for various particle 
shapes* as given in Table 5.1* One could try and calculate the 
omotric parameter of a sphere of radius R ? and a rod of 

length L* or a flexible coil of end to end length < h / . The 

2 2 2 7 

relation between and R for a sphere is R r - 3/5 R * Corres- 
pondingly the radius of PPG-3 micelles turns out to be 2100 A L * 
whereas the value calculated from the molecular weight of the 
micelles ( assuming sphericity and a density of 0.8 for the 
micelle J turns out to be 50 A°. Thus a spherical model for the 

micelle is not likely. The relation between Rjl and the length 

2 ^ 

2 L 

L of a long thin rod is s R^ = and based on this* a value 

of L - 5640 A° is arrived at. If we calculate the rod 

length of micelle of PPG-3* using the molecular weight of 
5 

2.5 x 10 obtained from the experiment, the calculated values 
do not agree with the value derived from the experimental Hj- . 
For example a rod with a diameter of 15A yields L = 2000 A ; 
r diameter of 30 A° yields L = 700 A°, with higher diameters 
reducing the value of L considerably. It is possible to 
consider ’end on' association of PPG-3 in a ’log boom* type 
of micelle (Fig. 5.18) but this would mean placing several 
PPG molecules laterally, slong the major axis of the 'log 
boom'. 5uch an association does not appear likely from the 
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chemical structure point of view, unless one considers the 
v-So _ciati._n to be stablised by regular intermolecular hydrogen 
b mding between terminal groups of PPG-3 monomers placed 

^-y* E ° i " , 'tributiQns from the intermolecular hydrophobic 
' S i c x -it ion of the methyl groups along the backbones will add 
to the stability of the log-boom' arrangement. Such a scheme 
io illustrated below: 



F urther comment on the 'feasibility of* such a f log board 
1, Y r c is unwarranted at this stage, since there is no 

compelling spectroscopic evidence for the presence of such 
hydrogen bonds in PPG-3* Hence we turn our attention to the \ 

i 

micella shape of on ellipsoid of revolution. Bccher and j 

hrax (30) have suggested that C^POE associates to form micelles ‘ 

v iEh the hydrodynamic shape of ellipsoid. The scattering 
function P ( 0) has been calculated for ellipsoids with axial ' 

ratios of 2,3,4 and plotted against the product k5 a (where ; 

9 , . 

P = , ' y= 2 sin @/2 and a = semi minor axis of the ; 


■. 
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c^j-ipooiu) by Koch (1); the relation between radius of 
gyration and the parameters such as axial ratios and semi 
minor axis a of an ellipsoid with axes 2a, 2a, 2b is giver 

R G = a 

The experimental value of P _1 0f or P p G _3 } when plotted against 
Koa do not match with either spherical or ellipsoidal shape 

° ^ Recently the ^och plot has been modified to 

involve the product k5R g rather than kSa (38). Fig. 5.11 

presents such a plot of P " 1 (© ) against k5 R^- for PPG-3. It is 

clear from the nature of the P“ 1 (e) vs, kS Rj- plot, that 

the shape of the micelle is intermediate between an ellipsoid 

of small p, and a rod. W e have tried calculating R^ values for 

ellipsoidal shapes with a variety of a values and axial ratios 

but m each case the agreement between the calculated R r and Vic 

b 

experimental value is poor. Hence it appears that if we have 
to consider an ellipsoidal shape it may have to be a totally 
assymmetric ellipsoid with each axis different from each 
ether (a, b, c). Favro (39), has treated the problem of 
rotational brownian motion of such an assymmetric shape, but 
to the best of our knowledge, neither the scattering function 
nor radius of gyration for such shapes has been reported. 

Hance, treatment of our data assuming an assymmetric ellipsoid 
has beon not possible . 
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We ncxt turn our attention to the possibility of 
box shape micelles, i.e. the Mcbain bilayer leaflets in 
t h j. ^ iJimen sions . A cub ic al box does not appear likely 


since it would be hydrodynamically equivalent 


X c 


3p here 


We then consider a rectangular box in three dimensions of 
lengths a, b and c. In the Mcbain (40) model, c = 30 A C for 
o bilaycr of PPU-3. The volume V of such a micelle will be 


□ 3 


Ju ab A , and hence ab = 2 x 1 (f 8^ which gives us several 

possible sets of n and n, values where n. is tne number of 

a b i 

PF’G-3 molecules per axis, under the constraint n + n + r. = 1200 

a b c 

A rectangular box with throe non-equal axes may bo considered 
hydrodynamically equivalent to an assymme trie ellipsoid of 
revolution. Bochcr and Aral (30) have extended the Mcbain 
model in three dimensions to yield the 'sausage' type micelles 
(Fig. 5.18). The present idea of a rectangular box micelle 
riffers from the 'sausage' model in the invocation of three 
different axes. Unfortunately, direct experimental proof for 
the presence of rectangular micelles in PPu-3 arc not available 
end thus our proposal is speculative in nature. Shah and 
Hamlin (41 ) have suggested such a model in the ternary system, 
Hoxadecane K-oleatc and water. 


Light-scattering studies on PPG-4 show that this 
molecule also associates in water similar to PPG-3 . The ’ Zimm 
clot* for PPG-4 in water is shown in Fig. 5.3. Here again, 
there is virtually no inter molec ul ar interaction as evidenced 




xn slope of the zero angle line* The average molecular 

weight for PPG-4 micelle is calculated to be 3.3 x ID 5 , 

indicating an aggregation number of about 1200 molecules, 

remarkably similar to the trimer nonionic. The radius cf 

gyration of PP.j-4 micelles calculated from the slope at zero 

c< r-contr ati an line of Fig. 5.3 comes out to be 2115 8. 

- 1 2 

The P 0 dependence of sin 0 /2 for PPG-4 is illustrated 

-1 

in Fig. 5.10 and the dependence of P Q on tha product ksR is ( 

y 

illustrated in Fig. 5.11. The plat is identical with that cf 
PPG-3, indicative of the identity of the shapes of the mice lies 
in both coses* Once again we reiterate that this curve is 
incompatible with the spherical, rod like, ellipsoid of low 
axial ratio, or statistical coil shape for the micelle. In 
analogy to the argument presented for PPG-3 above, we tentatively 
retain the possibility of an assymmetric ellipsoid or a 
rectangular ! Mcbain box 1 as the shape of PPG-4 micelles. 

Wo have also studied the interaction between the collec- 
tor Na-DB5 ; and the frothers PPG-3 and PPG-4 by light-scatter- 
ing. In particular, it is of interest to know whether mixed 
micelles are formed in these binary mixtures, particularly 
when the concentration of NaDBS is below its emc * First, it i^ 
necessary to study the size, shape and cmc of No— DBS micelles 

themselves. Fig* 5*4 gives the light scattering plot for pure 

-3 

iv cJDBS in aqueous solution in the concentration range, 9x10 g./ml 
9 W- , 

to 2.3x10"" g/ ml ( 2 5-60 A mole /I it) ana ot various angles. 
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It is striking that the zero angle line shows a negative 
slope indicative of intermolecul or repulsion arising duo to 
anionic heads. The molecular weight calculated from the zero 

nils - ine of the ’Zimrn plot* (Fig. 5.4) comes out to be 
4- 

4. j x 1 0 and the radius of gyration calculated from, the 
slope of c = 0 lino comes out be 4DD A . The shape of the 
micelle of N aDBS fits with the roa shape of L calculated from 
the Rj_ value equal to 1 400 /, ; or a prolate ellipsoid with 
a reasonably large p. These observations agree well with 
reported values in literature for anionic surfactants 
The c me of No-DBS is higher than these of PPG-3 and PPG-4 
and is approximately 2 x 1 0“ 3 m/l (Fig. 4.2). 

The interaction of PPG-3 with NaDB5 has been studied 
by light-scattering and the results are shown in Figs. (5.5), 

( 5 . o ) y (5.9), and (5.11). The concentration of PPG-3 was 

-4 

always above cmc while that of No-DBS never exceeded 3x10 m/ 1 , 
The results of the molecular weight, slope, and the radii of 
gyration for all these systems are listed in Table 5.2. Here 
again the 'Zimm plots' are very satisfactory and the zero 
angle line has essentially zero slope indicative of little net 
intermolecul ar interaction. It is interesting that radii of 
gyration of PPG-3 micelles increase by a factor of 2 to 2.5 
upon the addition of Na-DBS and the molecular weight increases 
almost 20 fold. There is little doubt that wo are encountering 
a 'mixed micelle' system here, with N a-D3 5 moleules solubilized 
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and incorporated into nonionic micelles* It also appears 

the, there is no great change in the shape of micelles upon 

incorporation; Figs. (5. 9) and (5.11) both bring out this 

,jcint clearly. The P“ 1 ( © ) vs ksR plot for PPG-3 , and 

9 

NcDBS + PPG-3 arc identical showing that essentially the 
same shape is maintained even after NnDBS incorporation into 
the mixed micelles* 


Similar experiments on the system PPG-4 + NaDBS under 
condition identical to those of PPG-3 have also been done, 
and the results are reported in F ig Sa (5.7), (5*8) s (5.10) and 
l 3.11), and in Table 5*2. In the formation of mixed micelles 
PPG-4 behaves exactly as PPG-3 does in incorporating N a- BBS 
molecules* Upon addition of Na-DB5 (always below its cmci 

5 

the molecular we ight of PPG-4 micelle increases from 3.3 x ID 
to 1 .3 x 1 0^ and the radius of gyration increases from 2115 t 
2600 A° (Table 5*2)* Thus it appears that PPG-4 is somewhat 
less effective in solubilizing Na-DBS and in increasing 
micelle size than PPG-3 . Here again the inclusion of Na-DBS 
and formation of mixed micelles leads virtually to neither 
m y net intermolecular interaction nor any change in shape of 
micelles . 


of 


Wo have also investigated the 

c 

mples with another collector, sodium 
Ma-oleate was below its cmc, and 


interaction of PPG-3 

ole ate * The concentration 

-5 -4 

in the range 10 to 10 m/l 


9 



Table 5.2 


1 1 5 


Molecular l. eight, Radius of Gyration and Number of Monomers 

of Micelles 


Molecular Slope Radius of No. of 

Weight of Gyration Monomer 

C=0 o 

line C G ■ ( 


2.5x'i0 5 5.2xlQ~ 5 


PI. System 

N o „ 


I . PPG-3 

PPG-4 

3. Sodium dodocyle 
Benzene Sulfonate 
(Na-DBS) 

■1 . PPG-4 + N ca-DBS 
l 2 . 5 x 1 0 ^ m/l ) 

5. PPG-4 + Na-DSS 
( 5x 1 u - ^ m/1) 

6. PPG-3 + Na-DBS 



( 5x1 0 

-□ 

m/l) 

• • 

P p G — 3 

+ 

Na-DBS 

.4 


(8.5x10 

m/l) 

- • 

PPG-4 

+ 

N a- 01 


( 1 O' 5 

m/l ) 

n # 

PPG-3 

4- 

Na-01 


do -5 

m/l) 

1 u. 

PPG-4 

+ 

Na-01 


( 5x1 O' 

-5 

m/ 1 ) 

1 1 . 

PPG-3 

+ 

Na-01 


( 5 x 1 O' 

-5 

m/l) 

■12. 
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+ 
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( 1 Q~ 4 

m/l) 

i j * 
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i o “ 4 
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while those of frothers were above cmc as in the cases above,, 
i ha l imm plots for the system ( PPG-3 + Na-01 ) are given in 
Figs, ( o . 1 2 ) , (5.13) and (5.14), while those of ( PP G-4 + f\! aOl) 

are in ^igs. (5.15), (5.16) and (5.17). At low concentrations 
of Na-iil (10 m/ 1 ) the Zimm plot looks reasonable, indicates 
c n. r*l i positive slope for the virial coefficient and suggests 
ti'o formation of mixed micelles. The molecular weight of 
l hPb-j + NaOl) and ( PPG-4 + NaOl) are respectively 7.7 x 10° 
and 6.2 x 10^ and the radii of gyration are 1 456 A° and 2407 A° 
respectively. However, when greater amounts of No-01 weXu 
added to PPG-3 samples, the 0 = 0 lines in the Zimm plots 
take on a positive curvature and at least in ono case do not 
meet with the zero angle line at the y-axis. This discrepancy 
nay arise possibly due to the likelihood of Na-01 hydrolysing 
in solution as its concentration increases,, 

Powney and Jordan (42) hove measured the degree of 

hydrolysis of Na-01 as a function of concentration and have 

, _5 .... 

shavn that at 8x10 m/1 the degree of hydrolysis is minimum, 

increasing sharply below and tabove this concentration. It is 

particularly interesting that the hydrolysis is maximum in the 

micellar phase. Thus it is possible that complications due to 

uydrolysis arise in the mixed micelle system (PPG -f NaOl) 

which make estimation of values difficult, despite the low 


concentration of Na-01. 
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We hove shown, by using the light-scattering technique 
^hat (1) PPG aggregates to form micelles in aqueous system; 

(2) one aggregation number at 35°C is of the order of 1 G J ; 

(3) the shape of micelles has not been unequivocally estab- 
lished, but an unsy rnmet r ic al ellipsoid of revolution ox 
rectangular Mcbain type box shape cannot be ruled cut; 

(4) MaDBS is solubilized into, and gets incorporated in, PPG 
to farm mixed micelles whose shapes are essentially the same 
as that of the pure nonionic micelles; (5) At low concentra- 
tion, MoQl also gets solublized m, and forms mixed micelles 
with PPG* At high concentrations, hydrolysis of Na-01 within 
the mixed micelle renders the light-scattering data difficult 

to interpret in terms of radius of gyration and shape. However, 
it appears that the greater increase in molecular weight of 
PPG micelle seen upon the addition of sodium oleote as compared 
to Na-DBS can be interpreted as due to stronger interaction 
between sodium oleate and the nonionic molecule. The mole- 

color weight of PPG-3 micelle increases from 2«5 x 10 to 

£ -5 

» .0 xIO upon addition of Na-DB5 ( conce n tration = o x 10 m/1) 

f~ ~7 

and from 2.5 x 10° 'to 1.96 x 10 upon addition of sodxum 
oleate (Concentration = 5 x 1 0' 5 m/1). Similar results were 
obtained for PPG-4 micelles. 
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at various concentration which give information about the 
micellar properties. However, most of these measurements 
have been done on single surfactant compounds (1-17), and 
not on mixed micellar system. Tokiwa (18,19) and Nakagawa (20) 
have described in detail NMR investigation on interaction 
between anionic and nonionic surfactants in aqueous solutions - 
where a mathematical analysis of the chemical shifts yielded 
several interesting parameters concerning the constitution 
of mixed micelle. 

In any study of the interaction between nonionics, 
o.g. PPG, and collectors e. g. r l\la-aleate , Na-DdS, or 5D5, the 
concentration of the two species could bo expected to be 
important in governing the nature, extent and mechanism of 
interaction. Such f rother-collector interaction would 
therefore bo a sensitive function of the molar ratio of 
collector to frother i « e . * N a— DB5/PP G , which we shall 
denote as C henceforth. At low value of C, one expects 
solublization of collector in the frother; if the frother 
concentration is . above its cmc, such solublization would 
amount to an incorporation.: of the collector in the frother 
micelle. Alternatively, if the value of C is high and if tho 
collector molecules formmicellar aggregates, incorporation 
of the frother in collector micelles is likely. In the inter- 
mediate range of C ^existence of mixed micelles are distinct 
oossibilities. Indeed light-scattering experiments of 



Chapter V show that such mixed micelles arc formed, with the 
mol. weight of the mixed micelle increasing with C a Such 
maxed mac .lies incorporating two surfactants, one ionic end 
the other nonionic, hove been reported in literature and 
studies in some detail. We are concerned here with the 
molecular aspects of such mixed micelle formed between PPG 
c ud Na-DBS for the following reasons. 

Whole mixed micelles are formed between PPG and 
°.dium oleetcp we were not able to monitor any N MR chemical 
shift in this system. Similar observation was also made by 
Tnkiwo (18) for the system sodium dodecyl sulphate (SDS) 
and nonionic (C^POE)* The problem apparently is one of 
having too many environmentally similar -CH^ group protons 
which all resonate at approximately the sanie NMR frequency 
range , On the other hand 9 Na-BBS has benzene protons that 
not only resonate at considerably lower fields than the other 
protons, but also serve as a ! handle 9 , since they are 
influenced, and in turn influence the chemical shift positions 
of the other protons in the mixture. 

In a mixed micelle involving PPG and Na-DBS, it is 
likely that those protons of PPG that are packed facing the 
benzene ring will experience the ring current para magnetism 
and will be upfield shifted. Besides this, the number ratio 
of Na-DBS /PPG can also be easily monitored by integrating the 
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NMR spectrum. Tokiwa and Tsujii (18) have in fact failed ta 

obscxvc ony chemical shift difference for the protens cf the 

nonionics in presence of SD5 , where as the effect cf da C c BS 

b 

is pronounced. 

VI. 2 EXPERIMENTAL: 

T he NMR spectra were run on a varian A 60 D spcctro- 

o 

niu-tor at the probe temperature of 39.5 C. Solutions of the 
surfactants were made in D 2 Q, in order to eliminate the 
signals of water protons that would swamp the solute signals 
if H-,0 were the solvent. The concentration range used in 
NMR is necessarily much longer than in other experiments since 
the signals are weak; thus the concentrations of Na-DBS, and 
nf PPG used wore well above the cmc values. The NMR experiments 
were thus conducted in the post-micellar regions of the sur- 
factants. The effects of Na-DBS on the PPG protons were 

-2 A 

studied by keeping the concentration of PPG constant (4x10 q/ n k., 
and varying the amount of Na-DBS; i.e. the molar ratio 
C = [ N a-DBS] /[ PPG ]. The chemical shifts were measured in 

ports per million (ppm) with respect to the standard tetra— 
methyl silane ( T MS ) which was inserted into the NMR tube, 
in a sealed capillary tube as an external reference. No bulk 
susceptibility corrections were made since the interest was 
in the relative shifts as a function of C. The positions of 
relevant protons were measured to an accuracy of + 0.2 Hz. 
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iiusx of tnc spectra were run with 50 Hz swecpwidth in the 
regions of interest. 

V T . 3 RESULTS AND DISCUSSION: 

Vie describe in this chapter the interaction between 
' U end the nuniunic surfactant Na-DB5. 

Upon the addition of increasing amounts of Na-DBS to 
aqueous solutions of PPG (degree of polymerization p = 4 ana 
-Iso p = 4) line broadening of the methylene end methine 
signals of the nonionics occurs, indicating an interaction 
wherein the environment of these protons is presumably 
somewhat more rigid. Besides this broadening, the CH 2 and 
CH protons are also upfielJ shifted as a function of the 
molar ratio (C = N a- DBS/PPG) . ( The results are illustrated 
in Pig. 6.1 and listed in Tables 6.1 and 6.2). 

Table 6.1 summarizes the data of the NMR studies of 
mixtures of Na-DBS with the low mol. weight nonionic (PPG-3). 
The NMR spectrum of Na-DBS shows the aromatic CgH^ protons 
in the region 420-470 Hz from TM5 (in the A-60D spectrum), 
whereas the aliphatic protons appear as two broad signals at 
46 and 68 Hz. Pure PPG-3 in aqueous solution shows the 
methyl proton at 70.6 Hz and the QCH, 0CH 2 and GCH 3 protons 
collectively near 200 Hz as a complex spectrum, with cne 

204 Hz which presumably is the -OCH^ signal. 


sharp line at 



hemical shift in CPS 



FIG 6-1 EFFECT OF No D.B.S. ON CHEMICAL SHIFT 
OXIDE PEAK OF NONIONIC SURFACTANT 
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Me P'Tint uut here that the concentration of PPG-3 end 
dj-DBo ore much higher than their respective erne values, 
and therefore we are looking at the signals of micelles in 
chose cases. fjon the addition of Na-DBS tu the solution 
of PPG-3 such that the molar ratio C equals 1.36 it can be 
.jeon that the PPG central protons are upficld shifted by 
about 8.5 Hz and the composite signal of PPG methyl, and 
-sc iJ ,i-DB5 el ip hate protons appears at 63 Hz, corresponding 
tu on upfield shift of about 7 Hz. The aromatic protons 
of M n-DBS undergo a very small almost negligible, downficld 
s hif t . 

The C^-H^ protons of Na-DBS serve as a 'handle 1 tc 
monitor Na-DBS independently, and the PPG protons that appear 
-'t the 200 Hz region serve as a ’handle 1 to monitor PPG 
independently and thus it is possible as a first approximation 
to estimate the amount of Na-DBS incorporated in the possible, 
mixed micelle by measuring the relative integral intensities 
(NMR integration vnluos)of the benzene peaks and the PPG 
peaks. If oil the Na-DBS were incorporated in o mixed micella, 
the intensities ratio, 

I CH 2 0 + ^HO + I CH 3 D ) 

would be expected to match the calculated ratio based cn 
the actual C values of the mixtures. T he calculated inten- 
sities values were arrived at from the expression *:/12 x C t 



>incc there are 4 protons of Na-DB5 in the aromatic region 
end id protons of PPG in the 200 Hz region; if the molar 
ratio of Na-DBS/PPG equals one the intensities ratio in that 
spectrum sh old be 4/12 i.o. 0.33. For nil other C values 
the calculated intensities ratios would bo given by 0.33 C. 


These calculated values of 


i 0CH + ^.Cri 


2 


■ OC H- 


) 


are listed in the tables along with the observed rati^. 
no case the observed ratio equals the calculated one. Thr'j 
disparity may be due to several reasons. 


"1 # There may exist three independent micellar sotuics, 

No-DBS micelles, PPG-3 micelles and mixed micelles comprising 
b'th ionic and nonionic components. This dees nev seem 
likely to us because of the fact that our results here closely 
parallel those in the mixed micelle system ofTokiwa (>e), an ’~' 

also no fine structure is observed in the 2Q0 Hz sigrsi: * 
besides, other physical measurements suggest the likelihood 
of predominantly mixed micelles in a homogeneous fashion. If 
the three species were to exist with reasonable 1 -l.o timco, 
the observed integration ratio should still account far all 
the Na-DBS and the PPG protons. 

2. There is a likelihood that the homogeneous mixed 

micelles arc formed but these are highly fluctuating end highly 
mobile species with no fixed composition during the time sc ei ■ 



of NMR measurement. This would account for the lowered 
observed values, and also the uniform upficld shift of PPG 
protons as N a-DBS is added. Essentially, the same results 
arc obtained with the PPG-4 system also, as illustrated in 
T ab 1 e 6.2. 

Fin. 6.1 shows the variation of upficld shift of PPG 

pro cons upon the addition of Na-DBS. The shifts increase 

rapidly initially and level off to a saturation value (A V _ ) 

s 

ot about 16 Hz for the PPG-3, and about 14 Hz for the PPG-4 
ca&Oy beyond a molar ratio of C = 4, It is worth while to 
compare our results with those obtained by Tokiwa and Tsujii(iR) 
for the system Na C^BS (Na-Octyl benzene surf Gnats) with non- 
polar derivatives of PEG (Polyethylene glycol). In thu-r 
system each PEG molecule carries a hydrocarbon chain so 

that their micelles could be expected to have a stable non- 
polar core® In comparison, our PPG micelle would be expected 
tu have no deep core and therefore some what more fluid. 

Despite this difference, trie trend of upficld shift end the 

values of AV in both the systems are very similar, suggesting 
s 

the same kind of inter molecui ar associations. 

Tokiwa and Tsujii (18) have used a statistical analysis 
to relate the upficld shift (AV) produced in nonionic 
surfactants proton signals as a function of mclar retro C. 

1 hey have considered a mixed micelle consisting of Q non ionic 



molecules which can be divided into smaller sections each 


containing q nonionic molecules such that q /' Q. If one 
molecule of ionic surfactant (Na-DBS) enters a given email 
ortion, it i -5 assumed thrt this Na-DBS molecule will influc nc 
,,nd cause upficld shift of all protons of nonionics (PPG). VJ it 
this assumption, the differential upficld shift per nicolio, 

° ^ m ic ^ ° n is given by the probability expression: 

= K P(n) (6.D 

The probability function P(n) can be arrived at as fr.._ows. 

The probability of finding a single No-BBS mcioc..lo 
in a given small section is q/Q. If there are n ha-DEu 
molecules in a givenxi micelle, the probability of finding m 
Na-DBS molecules in a small section of micelle and tno 
remaining ( n-m) outside the small section is given by, 

(q/Q)" 1 (1-q/Q) n ~ m 

The probability of finding m arbitrary Na-DBS molecule 
in small section is given by, 


, n . » -n- (q/Q)™ ( 1 -q/Q) n-m (5.2) 

m! (n -m) ! 

since there are n ! / ( m! ( n-m) ! ) ways of selecting m Na-DBS 
molecule out of the total n. The probability of finding no 
Na-DBS molecules at all in the small section under ccr.srderat 



1 -r2 


is (1-q/r) n 

’ ° lilCo m - 0. Therefore the 
of finding small sections with no l\la_ DBS 
n-icollr j.-. given by. 


probability P(n) 
in the whole of 


P(") = H-q/Q) n 


(6.3) 


i h o re f ore , 


c ] , 

mic 


i n 


= Ml-q/Q) n 


l O 


4) 


In togrming this equation, ond applying the bounds 


:try 


com'xtiona of M . 0 when n = 0 ond <\v' . 

me 


n 


" s whera /AN? s is s oiuration of the upficld shift, 


v when 
s 


wo gat , 


ZiV 


mic 


= A9 s [ 1 - ( 1 - q/Q) R ] 


(6.5) 


This equation holds for all micelles present in the 

solution, under the assumption the all molecules exists in 

the mixed micelle form. Therefore A'p . in the -<bovp 

mic ’ " 

equation will be the same as the observed upficld shift 
Since 0 < (1-q/Q) < 1, one may write this as 


1-q/Q = e ^ and ,A v y = ( 1 -e - ^ n ’ 


where. K ’ >0, n can be evaluated as n = L * M^/N where L 

in the Avogadro Number, Mi = molar concentration of No-DBS, 
N is the no. of micelles/cc of solution. If Mr, is the 
molar concentration of PPG then n = L*Mn/C where C = Mi/Mn. 



Therefore we jot, 


A) 


= J [1-oxp ( 

r\ *- 


LMn .v. 


( 6 . 6 ) 


/\V _ 


qLM K 


V [ 1-exp ( •* n ] 

a qN L ' d 


(6.7) 


L |V > n - no. of ppg moloculc/cc, 


q L M 

'U 1 i\i 


/ s 


iiV (1_ C ~ qC ) 

o ‘ 


( ■ . 8 ) 

(6.9) 


In order to determine £i"y n and q the following method 
is adopted, at any concentration C, 

ZtV (C) = A v s (1-cs q ) (6.1C) 

'-■'(C + h) = AV s [ 1-n- q(C+hi ] (6.11) 

where h is an arbitrary dummy constant. From these two 
equations one may write, 

tiV (C+h) = c" qh [<uV(C ) + ( 1 -e~ qh ) jV g j (6.12) 

A plot of A^(C + h) vs . A^( C ) will then yield q. Wc have taken 
this approach for the determination cf q, i.c.thc no. of PPG 
molecules that ere influenced by one Na-DBS molecule. These 
plots for the PPG-3 and PPG-4 cases arc given in Fig. 6.2. 






The values of q obtained, q = .16 for both the coses ,is 
astonishingly small. In the cose of the PET surf ac banc 
carrying 2 hydrocarbon tail and N a CgBS, Tokiwe and 
Tsujii ( 1 8 ) obt ai ne d the v al ue of q = 1 . 6 for the Trxnier 
u^nionic arid 1.2 for the. tetramer nonionic sun actin':. 

The similarity of L \ ^ values obtained by Tohl'.-za (18) 

and in our experiments leads us to believe chat mired micell 

indeed occur predominantly in the system, N a-DBS and PPG. I ho 

agreement of values betv.'ocn the systems (C. ^ PEG C n ES) ar.d 

1 d d 

(Na-DBS + PPG) suggests that the mechanisms by which the 
up fin Id shift perturbation are caused are the same* However 
'while t ho saturation up fie Id shift in the Tahiwa system 
occurs already at a value C = 2, such a plateau is obtainec 
m the PPG systems at C S: 4 (see Fig. 6.1). This might 
mean the mixed micelle in the present case is not as rigid . 
which is to be expected because PPG dpas not haw- : hydro- 
carbon core for stabilization. Support for this point of 
view also comes from the small value of q obtained in too 
present system. It would appear that in the present case 
there may be either a fast equilibrium process involving 
fluctuation of individual molecules in and out of the 
micelles ;in other words, a highly mobile and fluid mixed 
micelle system can be suggested. A point tobe noted hots 
is the difference in length between the individual xonic ano 
nonionic molecules. Each molecule of PPG-J is app rox ornately 



no mure thon 9A°, PPG-4 no moro than 1 2A°, whereas the length 
of No-DBS molecules is roughly 16A°. This must be an important 
factor in generating such low q values. But the fact that 

l, — .18 is obtained, and upficld shifts are observed indicates 
tn r' t , 

i . hixod micelles arc formed incorporating ho-DBS in PPG 
miccl le 3 ? 

• !'i 3 -Dj 3S molecules in the micelle influence the environ- 

ment of the PPG molecules significantly. 

It is important to reiterate the difference that exists 
oe tween the Tokiwa system and the present system. In the 
' ormor case ? each nonionic molecule carries a long hydrocarbon 
tail which makes the formation of stable micelle easy. PPG 
samples however lack this hydrocarbon portion and therefore 
their micelles would bo expected to be more mobile. The Tokiwa 
T sujii model of a palisade micelle is thus not applicaole in 
our cose and therefore to use the mathematical analysis of 
Tokiwa in the present system would lead only to limited infor- 
mation. -One should therefore be cautions about the actual 
physical interpretation of parameters such as q, and their 
v rJL u e s . 

An alternate, and equivalent point of view is to consiuo 
oolublizat ion of one component in the other. If we take tne 
approach of phase partition of the benzene moiety between a 
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hydrocarbon rich phase (Na-DBS micelles), and r.hs OL.iyaxy- 
propylene phase, we can estimate the chemical potentials at 
the benzene part in these phases somewhat similar to w int 
T'jkiwa and Tsujii (19) have done with mixed micelle systems 
•j_. ing variants of CgES and C^POE. 

Assume a given l\la-DB5 molecule to bo incorporated 
itself cither in a, pure micelle of Na-DBS itself (Phase II) 
or to enter a mixed micelle comprising PPG and Na-DBS (bhaso i 
It is only in phase I that a benzene ring of N-'-DBS me 7 c u 1 c 
will bo able to influence the chemical shift position of the 
PPG protons. In this formalism, when & ( mcio ratio of e : -BB 
to PPG) is smell, the chemical potential of a given Nr-Dro 
molecule in phases I and II can be expressed as, 

^ ^ + 

^ 1 1 ^ 1 1 + 

where X 1 and X 2 care mole fractions and and p n are 

the standard chemical potentials of Na-DBS in phases I and Ii 

respectively. Since at equilibrium \i j = P- j I * V ' C " l3y writLJ 

= RT in {X n /Xj) (6.15) 

If we assume that at small c , the upfield chemical shift :s 

proportional to X^ and also + ^2 


RT In X 1 : 6.13) 

RT In X 2 vS.I'P 


C then we , 



ur 


X, 


X. 


1 n j further, 


AV/k 

c __Aj 

k 


p. 


0 

1 



RT In 


k- &S>/ C 

T*/ c 


( 6 . 17 ) 


( 6 . 18 ) 


■’'here -- • /C is the initial slope of the A^ vs. C curve 
! •' ig . 6.1). The constant k has been assumed to be 17 Hz 
from the /I^vs. C initial curve for the mixture of Benzene 
and Polyethylene glycol ( 1 8 ) . This is an assumption which is 
considered not too severe. However, it should be realized that 
Lhe actual value of k determines to a large extent the value of 
a 1 . - . In the case of PPG-3, the initial slope AV/C is 

•jqual to 5Hz (Fig. 6.1) and thus p ° _ p°^ is estimated 


d e 


+ 530 cal/mole. In the case of PPG-4, the initial 


slope is estimated to be 4 Hz and correspondingly pj - Pjj 
is calculated as + 7Q0 cal/mole at room temperature 300 K. 
Those values arc comparable with the thermal energy (RT) uf 


cJQ cal/rnule at room temperature and suggest no greater pre- 
ference for a given Na-DBS molecule to be either exclusively in 
huso I or phase II. In other words mixed micelles of the 
Fiotncr and colloctor appear quite likely and of a highly 
mobile nature. This is to be compared with the maxed micelle 
of the hydrocarbon tail-bearing C 12 POE and Na~C g B5, where a 



similar calculation (except phase II here corresponds to 

h V i i *'C orb on core and phase I to polyoxyethylene shell of the 

mixed micelle) yield pj - , 1 ^ equals _ 7QD ca i/ 1Tlolc showing 

slight preference for Na-CgBS to exist embedded in the mixed 

r.iiculJe. It is also noteworthy that in this mixed micelle ; 

.muoiol slope turns out to be 13,2 Hz, whereas in our PPG-iMciBBS 

: jS tern the slope is much shallower (4,5 Hz) even though /!)/ 

s 

'•-.lues arc about the s ame , p oin ting out e much more loosely 
,.uCKucl end mobile mixed micelle in the latter ecse. The 
v-iluu. uf q in our system therefore is essentially a r..f 1 ectiu n 
.f this loose end inefficient solublization of thu mixed 
micelle . 

In summary, NMR measurement of mixture of Ma-D55 
ana PPG indicates the formation of mixed micelles. The 
results are consistent with a highly fluid, perhaps fluctuating 
micelles of varying compositions. Experiments with longer 
chain PPG molecules will be of interest in further delineating 
the dynamics of such mixed micelle systems. 
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CHAPTER VII 


SUMMARY AND CONCLUSIONS 

In this last chapter, the conclusions emerging out 
of the present investigation will be summarised. 

Clear evidence has been obtained regarding interaction 
of collector anc. frother molecules at different interfaces 
in a flotation system, from a variety of techniques. 

The flotation recovery of rutile and the collector 
(sodium oleate) adsorption density on the rutile surface arc 
found to increase as functions of the concentration of the 
nonionic frothers (PPG). As the nonionic concentration 
approaches or exceeds its cmc, the above two parameters 
docrease, due to abstraction of collector ions from the bulk 
liquid phase to the mixed micelle. 

Nonionic frothers (at concentrations slightly above 
10”"^M) are found to be adsorbed in presence of collector c,n 
rutile surface. Interestingly, there is no adsorption in 
the absence of collector, or if the collector concentration 
is too low. This seems to be a typical case of synergism 
between collector and frother molecules, each inducing 
adsorption of the other on the solid surface. 



The beneficial effects of non ionic frethers in improving; 
collector adsorption on rutile is also confirmed by the zeta- 
potential data. Increasing nonionic and sodium oleatc con- 
centrations make the negatively charged rutile particle 
even more negatively charged. 

Similar synergistic effect is noticed in the liquid- 
gas interface in which net only frothcr molecules but also the 
collector molecules get adsorbed through mutual interaction. 
Somasundoran and Fuerstenau (1) had postulated earlier that 
the collector species arc adsorbed both at the sol id-liqu ic 
and the liquid-gas interfaces. The collector adsorbed at the 
liquid-gas interface, that is, at the interface of the gas 
bubble, facilitates reduction of the time necessary for the 
formation of the solid-gas interface, since the collector 
ions arc now carried to the solid surface by the bubble. The 
amount of collector that could be transferred to the solid-gas 
interface f rem the bubble surface upon contact is significantly 
higher than that which could be transferred from the solid- 
liquid interface. Mercus and Sandvik (2) have suggested that 
under normal flotation conditions the adsorption of the surf_.ee 
active collector on the solid surface is governed, to n _.arg_ 
extent, by a transfer of the collector frem th._ gas-xiquie 
interface to the solid surfaces. Simultaneously, frother 
molecules are also transferred on to the solid surface to foo.m 

a mixed film. 
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In stud ies of f h e fi n + -1+ -i 

n flotation recovery of the mineral 

calcito using Na-DBS ns fhn j. 

y ^ as the collector and PPG as the frothero 

it was seen that the recovery increases steadily with the 

concentration of the nonionic both in the pro - miceU ar 

end post-mice ll ar ranges. This is in contrast to the case 
of rutile, where the recovery drops when the frother concen- 
tration exceeds the cmc; and also in contrast to the situat 
when Na Olcatu is used as the collector rather than Na-DBS. 
This contrasting behaviour might be due to the possibility 
that the abstraction of Na-DBS ions frem the bulk liquid 
phase to the mixed micelle phase is less efficient as 
compare,! to the cose of Na-Oleate. Support for this comes 
from the conductance and hydrodynamic data reported in 
Chapters IV and V. 


1 n 


From the above observations, we can say that the 
conventional notion that collector is active at the solid 
liquid interface and frother at the liquid-gas interface 
only, is over- simplistic . In our opinioh, much of the 
phenomenon of mineral particle-air bubble contact in a 

<T 

flotation syjfeem is due to mutual interaction and co-adsorption 
of collector and frother molecules at the different interfaces. 

Evidences of collec to r-f rother interaction in the 
bulk liquid phase (micellar) has been obtained by conductivity, 
light -scattering and nuclear magnetic resonance measurements. 
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Conductivity measurement of Na-DBS alone and in 
presence of nonionic (PPG — 3 and PPG-4) at different concen- 
tration chows that when concentration of PPG is low, there 
is mixed micelle formaHon by the incorporation of PPG 
molecules in Na-DBS micelles. The observed decrease in 
conductance value of Na-DBS in the presence of the nonionics 
at their p ost- miccl 1 ar concentration, has been explained in 
terms of the formation of mixed micelles which are essentially 
nonionic micelles with Na-DBS molecules incorporated in th^ 
host miccl 1 as . 

Similar conductivity results have been obtained in 
the system- nonionics (PPG-3 and PPG-4)- sodium oleate, 
in the post micellar region, and a similar interpretation 
has boon given as for the Na-DBS: non ionics system. In the 
pre-micellar region, conductance data for sodium oleate are 
somewhat difficult to interpret. This is on account of th . 
possible hydrolysis of Na Oleate in water. Various kx ids 
of dimers including sodium oleate-nonionic : arc probably 
present. 

Comparison of the conductance behaviours of the 
collectors Na-DBS and Na Oleate, in the presence of PPG, 
is revealing. The PPG-governed reduction in the conductance 
of Na-Oleatc is greater than that of Na-D3S. This has been 
interpreted to mean that the interaction between Na Olento 
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and PPG is somewhat more effective than that between Na-flB5 
and PPG. Support for this comes from hydrodynamic data 
mentioned below. This differential interaction may be of 
relevance in the synergism exhibited by the two frothers 
collector pairs in flotation recovery. 

Light scattering studies of aqueous solutions of the 
frothers PPG have been undertaken and the results reveal 
that these nonionic surfactants readily form micelles. The 
radius of gyration of PP6-3 micelles was found to be 1 627 
with on aggregation number of 1200 molecules in an average 
micelle at 35 C. PPG-4 also forms micelles with roughly the 
same aggregation number and the radius of gyration cf these 
PPG-4 micelles was determined to be 2155 8. The shapes of 
these micelles were tentatively suggested to be unsy mmetric si 
ellipsoids of revolution, or 3-dime ntional McBain-type boxes. 

Introduction of Na-DB5 to aqueous PPG has the effect 
of increasing the molecular weight and, to some extent, the 
radius of gyration of the micelles. No-DB5 is suggested 
tc get incorporated in PPG forming mixed micelles. The shape 
of the mixed micelles do not differ from those of pure PPG 
mice lies . 

N a-Oleate also gets solubilized in PPG micelles in a 
manner similar to Na-DBS, an d mixed micelles of similar 
shape form with increased molecular weight. However, at high 



concentrations of Na-QLeate # complications arise due to 

hydrolysis of the oleate, making meaningful interpretation 
of data difficult. 

The quantitative increase in the molecular weights 
of nonionic micelles upon addition of anionics is more in 
the case of sodium ole ate as compared to Ma-DBS (sodium 
oodecyl benzene sulfonate) suggesting that Na~01cate interacts 
more efficiently , an inference that is m consonance with 
earlier results of conductance measurements. 

Nuclear magnetic resonance measurements of mixtures 
of N a~DBS and PPG (non ionics) are consistent with the view 
that mixed micelles form. The changes in the chemical shift 
values and the integration values of the polypropylene 
protons, and of the collector (Na-DBS) have been interpreted 
in terms of mixed micelle formation with the simultaneous 
presence of highly fluid mixed micelles of varying c ompos it im o 

Here ? it is worth mentioning that, while mixed micelles 
arc formed between PPG (nonionics), and collectors such as 
sodium ole ate and 5D5, these are not conveniently monitored 
by NMR chemical shift me asu re men ts * The problem apparently 
is one of having too many environmentally similar -CH 2 
groups which all resonate at ap proxim ately the same NMR 
frequency range* On the other hand, N a-DBS has benzene 
protons that not only resonate at considerably lower fields 
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than the other protons, but also serve as a 'handle', since 
they nro influenced, and in turn influence the chemical shift 
positions of the other protons in the mixture. 

In the end, it would be worthwhile to highlight the 
achievements in the present series of investigation and to 
point out the scope of future research on the subject. 

Collector and frothcr molecules have been shown to 
aggregate in bulk solutions of pre-micollar concentration. 

It w jU Id be difficult to establish the number of molecules 
participating in the loosely bound aggregate. ( Osmometric 
and related experiments may be useful in this regard). 
However, it is entirely conceivable that these aggregates 
of o very small number of collector or frothcr molecules 
may be adsorbed on the various interfaces in the flotation 
system. This postulate needs detailed investigation. One 
should also investigate the interesting transport phenomenon 
regarding transfer of additional collector and frother 
molecules from the bubble to the solid interface during the 
establishment of the three-phase contact in a flotation 
sy s te m. 

Micellar interaction between the collect ir and the 
frother molecules is of significance in flotation systems 
since some frother chemicals are used in p os t-ni^ul 1 ar 
concentrations. Mixed micelles are formed in the bulk 
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phasu, and therefore formation of similar mixed hcmi-miccll as 
on the solid surface may also be postulated. NMR studies 
clearly provide the spectroscopic evidence of interaction. 
However, such evidences have so far been restricted to those 
systems which contain molecules with fluorine atoms, aromatic 
rings etc. or tagged with free radicals. Similar evidences 
for conventionally used collectors and frothers, not centoi..- 
i.ng such special groups would be particularly welcome. 

The investigation on mixed micellar interaction is 
relevant to the flotation studies for another vital reason. 
There is strong parallelism between the two phenomena viz., 
(1) synergistic co-adsorption of the collector and frother 
molecules on tho solid surface (mixed ! hemi-micellis ation ' ) 
and (2) mixed mice 11 is at ion in the bulk phase. In both the 
cases, ionic repulsion between the collector hydrophilic 
heads is decreased due to incorporation of the nonionic 
molecules in the mixed aggregate. As a consequence, there 
is greater association of surfactant molecules, disruption 
of water structure and augmentation of hydrophobic zones 
in both the sys te ms s vi z solid surface as well as the bulk 
aqueous phase. In the earlier case, mineral particles are 
rendered more flotable. The nature and energetics of 
interaction between the collector and frother molecules 
on the solid surface can bo often inferred from the bulk 
micellar studies. Thus, the link between the interfacial 
and bulk interaction studies is provided. 
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Adsorption and zeta potential measurements reported 
in tho earlier chapters provide evidences of interaction 
on the Solid surface. To study the energetics of collector- 
Prcrhor interaction through calorimetric measurement would 
be a fascinating piece of work* Enthalpies of dilution in 
colic c to r-f rother-wat or systems would provide thermodynamic 
information for prc-micel lar and mixed micellcor interactions. 
More relevant (in the context of mineral processing techno- 
logy) and parallel information may bo obtained through 
measurements of heats of adsorption of collector and f rather 
on the mineral surfaces. Adoption of micro-calorimetric 
and tracer techniques (with labelled chemicals) would be 
useful in this regard, 
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T able I 
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Surface Tension Value of Sodium Qleate Solutions 
Temperature = 27 + 1 °C 


S 1 . M o . 

Concentration of Sodium 
oicata solutions 

Mole s/lit . 

Surface Tension Values 
dynes/cm 

1 . 

9.368 

X 

,o- 7 

62.3 

2. 

1 .2 

X 

10“ 6 

60.0 

3 . 

1 . 87 

X 

10 - 6 

58.5 

4. 

2.0 

X 

1CT 6 

56.5 

5 . 

2.81 

X 

IQ- 6 

55.2 

6. 

3.0 

X 

io" 6 

53 . 5 

7. 

4.68 

X 

1 o" 6 

51.0 

8. 

5 . 62 

X 

.o- 6 

47.5 

9 . 

7.6 

X 

io" 6 

46.5 

10. 

1 .52 

X 

io“ 5 

42 . 1 

1 1 . 

1.97 

X 

io- 5 

41.0 

12. 

7.6 

X 

1 o" 5 

3 7.5 

13. 

1 .52 

X 

io -4 

34.5 

14. 

7.6 

X 

1 o" 4 

27.3 

15. 

9.85 

X 

1 o' 4 

26.7 

16. 

1 . 52 

X 

1 o" 3 

25.7 

17. 

3.8 

X 

io" 3 

25. B 




T able II 


Surface Tension Value for Pure Low 

Nonionic (PPG-3) 
Temperature = 27 + 


Concentration of 
SI. No. non ionic 

M o 1 u s / 1 it . 


1 . 

i . 05 

X 

10- 6 

9 

2 . 5 

X 

10' 6 

3 . 

3.7 

X 

,D- 6 

4. 

5.0 

X 

1 o -6 

5 # 

7.5 

X 

10- 6 

6. 

9.23 

X 

io" 6 

7. 

1 .0 

X 

io" 5 

& . 

1 . 85 

X 

,o- 5 

9. 

2.3 

X 

io" 5 

1 0. 

2 5 

X 

10- 5 

1 1 . 

4.6 

X 

1 o -5 
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Molecular Weight 


5urface Tension 
V alues 
Dynes/cm 

67.5 

55.0 

64.0 

62.5 
61 .2 
61 .0 

60.6 

59.4 

55.1 

56.2 

57.5 



T ab 1 e III 


l 6 5 


Surface Tension Value for Pure High Molecular Weight 

Non ionic (PPG -4) 

Temperature = 27 + 1 °C 


Concentration of 
3 1 . N o . N o n i o 1 1 ic 

M ole s/lit . 


Surface Tension 
V al ues 
Dynes/ cm. 


1 . 

2.30 

X 

10- 6 

71 .4 

2. 

4 . 60 

X 

10- 6 

69.5 

3 . 

5.0 

\ 

icf 6 

68.0 

4. 

7.5 

X 

icf 6 

57.0 

5 . 

1.15 

X 

icf 3 

64.0 

6. 

1 .5 

X 

icf 5 

61 .0 

7. 

2.0 

X 

IQ- 5 

57.5 

8. 

2.30 

X 

icf 5 

5 5.5 

9. 

2.38 

X 

10- 5 

5 6.4 

IQ. 

4 . 76 

X 

10- 5 

58.5 

1 1 . 

7.1m- 

X 

10- 5 

57.5 

12. 

9.21 

X 

ID- 5 

50.4 


m 


Table IV 
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Effect of Nonionic on Surface Tension of Sodium Oleate 

Temperature = 27 + 1 °C 


C once ntr at 

(PPG-4) - 

o 1 , N o . — — — — — — — — ' — — 

ion of Nonionic 

-5 

1.39 x 10 
moles/lit . 

Concentration of Nonionic 

( PPG-3 ) = 1.3 x 10“ b 
moles/ lit . 

C once nx rat ion 

Surf aco 

Concentration Surface 

of Sodium 

T ension 

of Sodium Tension 

D 1c ax o 

V alues 

Oleate Values 

Moles/ lit „ 

Dynes/cm. 

Moles/lit. Dynes/cm. 


1 . 

1 .97 

X 

r* 

, n-3 

1 U 

37.9 

5.0 

X 

io“ 6 

39.7 

2. 

9.85 

X 

10 - 5 

36.1 

1.0 

X 

10“° 

36.7 

3 . 

1 .57 

X 

i o" 4 

33.0 

2.0 

X 

1 o" 5 

3 4.5 

4 . 

3.54 

X 

1 o“ 4 

30.8 

3.0 

X 

1 g" 5 

32.7 

5 . 

9 . 85 

X 

1 cf 4 

26.5 

1 .0 

X 

_4 

1 0 

27.3 

6. 





3 . 1 2 x 

-4 

10 

26.0 



Table V 
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l f t cut. cii Sodium Oloate on Surface Tension V/aluec. of Nonionics 

Temperature = 27 + 1 °C 



PPG-4 


PPG-3 


u j\> 

C one c ntr at ion 
Oloate r 

= 1.97 x 10 

of Sodium 

moles/lit . 

C once ntr at ion 
Oleate g 

= 2.0 x 1 0~ 

□ f Sodium 

moles/lit * 


C one c ntr at ion 
of Nonionic 
( Mole s/1 it.) 

Surface 

Tension 

V alues 
Dynes/ciri. . 

Concentration 
of Non ionic 
Moles/lit . 

Surf ace 

Tension 

V al ue c 

D y n a s / c m . 

1 . 

S- 

4.60 x 10~° 

64.0 

-6 

2.0 x 1 0 

58.5 

2. 

-6 

6.94 x 1C 

59.1 

-6 

3.24 x 10 

50.0 

3 . 

-5 

1.39 x 10 

48.1 

- 6 

4.0 x 1 0 

4 6.9 

4. 

2.79 x 10“ 5 

48.3 

. n -6 

5.0 x 1 0 

44.5 

5. 

-5 

4.19 x 10 

49.0 

6.0 x 10~ 6 

43 . 6 

6. 

— 


1 .29 x 1 0 -5 

39.6 

7. 


.. 

2.59 x 10" 5 

40.5 

8. 


- 

-5 

3.24 x 10 

41 .0 





T able VI 


ect of Collector Concentration on Flotation Recovery 


of Calcite 


C ollec t or 


N a-DBS 


Nc Frothcr 

pH = 7 + • 05 

Conditioning Time - 5 min, 


Flotation T ime 


1.5 min, 


SI. No. Collector Concentration 

Molcs/lit . 


Flotation Recover; 


2.5 x 10 


2,77 x 10 
4.63 x 10' 


6.48 x 10' 


9.28 x 10 
1 .39 x 1 0" 
1 . 85 x 10 
2.3 x 1 0' 


12 . 0 % 
2 6 . 0 % 


3 4.3% 


71 . 3° 


9 2 . 4yb 


9 6 . 0 % 


8 . 
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Effect of Collector Concentration on Flotation Rscoviry 

□ f Calcite 

_4 

Frother Concentration = 1,026 x 10” m/l 

5 1 . N o . Collector Concentration Flotation Recovery 


1 . 

2.45 

X 

10' 5 m/1 

1 8, 3?i 

2 . 

4.9D 

X 

1 0~° m/l 

21 .6% 

3 . 

1 .22 

X 

1 m/l 

5 6.4% 

4 . 

1.47 

X 

1 0 -4 m/l 

75.3% 

5. 

1 .71 

X 

1 0" 4 m/l 

9t.2/o 

Table VIII 


Effect of Collector Concentration on Flotation Recovery 

of Calcite 

-5 

Frother Concentration = 5.14 x 10 rn/ 1 

5 1 . !1 □ . Col lector Concentrati on Flotation Recove ry 


1 . 

2.45 

X 

1 o' 5 

m/ 1 

3 . 0/» 

2. 

4.90 

X 

io' 5 

m/l 

1 2 . 6% 

... 

1.22 

X 

ID" 4 

m/ 1 

46.4% 

4. 

1,71 

X 

1 o~ 4 

m/ 1 

7 4 . 7 % 

n 

1 .96 

X 

1 o" 4 

m/l 

83.3% 

6 . 

1.45 

X 

1 o' 4 

m/ 1 

vo 

CD 
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Table IX 

Effect of Collector Concentration on Flotation Recovery 

of C ale it e 

Collector = Na-DBS 

Frcthcr = Tripropylene glycol 

mo none thy 1 ether (PPG -3) 
Concentration of Frothor = 2,78 x 10 m/1 


5 1 . N o . 

Collector Concentration 
Moles/ lit . 

F lot at ion Recovery 

1 . 

1 . 82 

X 

10“ 5 

6.0% 

2. 

5.46 

X 

io~ 5 

24.4% 

3. 

7.28 

X 

io" 5 

3 5,2% 

4 . 

9.10 

X 

i o' 5 

47.5% 

5 . 

1 .27 

X 

1 o“ 4 

61 .8% 

6 * 

1 . 82 

X 

io~ 4 

79.7% 

7 . 

2.73 

X 

1 o" 4 

94.4% 

8, 

3 . 54 

X 

10“ 4 

1 00. Oji 
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l able )\ 

Effect of Nonionic (PPG-3) on Flotation Recovery of Calcify 

Concentration of Collector 

( M a-DBS ) = 7.45 x 10' 5 m/l. 

pH = 7 t 0.05 

Conditioning T ime = 5 min. 

Flotation Time = 1.5 min. 


51. No. Concentration of non ionic Flotation Roc every 

Mol us/ lit . 


1 . 

5.0 

X 

—A 

o 

1 

Ln 

25 % 

2. 

5.14 

X 

ID' 5 

2 6 % 

3. 

1 .00 

X 

io‘ 4 

477= 

4. 

1 .02 

X 

10 -4 

3 8% 

5. 

2.5 

X 

io -4 

4 9% 

£ . 

2.57 

X 

1 o~ 4 

45% 

7. 

5.0 

X 

1 o' 4 

"cA 

in 

8. 

5.14 

X 

1 o -4 

43% 

9. 

7.5 

X 

! 

O 

ui 

1 0. 

7.7 

X 

1 o~ 4 

5 5% 

1 1 . 

1.0 

X 

10- 3 

5 3* 

12. 

1 .02 

X 

1 o“ 3 

4 7% 


Tabic XI 


Effect of Monionic ( PPG— 3 ) on Flotation Recovery of 

C ale it e 

Concentration of Collector 

(No-DBS) = 1.02 x 10 ^ moles/ lit. 

pH = T + Q.Q5 
Conditioning Time = 5 min. 

Flotation Time = 1.5 min. 

51. No. Concentration of Nonionic Flotation Recovery 

Molca/lit . 


1 . 

5.56 

X 

1 o -3 

5 5 . 67c 

2. 

1.10 

X 

1 

a 

62 . 7y- 

3. 

2.78 

X 

1 o" 4 

69.0/ 

1 

H o 

5.56 

X 

io“ 4 

72.0/ 

5. 

8.3/: 

X 

1 o’ 4 

70.07 

6. 

1.11 

X 

10- 3 

72.D7 
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Table XII 

Effect of Nonionic ,(PPG-4) on the Contact Angle in the 
System Rutile-Sodium Oleate-AIR 


S.N. 

C once ntr at ion 
of sodium 
ole at e 
m o 1 c s / 1 it # 

Contact Anglo Values 

Concentration of nonionic moles/lit. 

I '1 O A A , 

nonionic 4x10 + IQ 1 " 1 0 ' J 

1 . 

1 .9 x 

10 6 

58° 


— 

58° 

y 

3.8 x 

1CT 6 

60° 

60° 

59° 

61° 

3 . 

7.6 x 

ID' 6 

62 ° 

62° 

59° 

64° 

4. 

1 .1 5x 

-5 

10 

64° 

63° 

63° 

6 5 C 

5 . 

1 .9 x 

10- 5 

68° 

65° 

64° 

6 3 = 

6. 

2.4 x 

1 o " 5 

61 ° 



~ 

7. 

3.0 x 

1 0"° 

74° 

- 

- 

- 

B. 

3.4 x 

10- 5 

72° 

73° 

- 

- 

y . 

3.7 x 

-5 

10 

74° 

74° 

75° 

72° 



-5 

„ 0 




i c. 

5.6 x 

1 0 

75 

- 

““ 

— 



_4 

- 0 

o 



1 1 . 

1 .1 5x 

1 0 

73 . 

72 

~* r 


12. 

1 .4 x 

10"" 

70° 

- 

- 


13. 

1 .9 x 

1 Q" 4 

65° 

64° 

- 

- 

14. 

3.8 x 

1 o -4 

68° 

63° 

- 

- 
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Adsorption of Sodium Oleate on Rutile (Direct Adsorption 

Met hod ) 


c 

-> . 


N. 


No Nonionic Present 

Concentration of Adsorption 

sodium oleato . . 2 . _ + 1 0 

q moles/cm x 10 

moles/lit x 10 


1 . 

23.8 

1 .59 

0 

* — * 

29.7 

2.24 

3 . 

35.7 

2,36 

4 . 

59.5 

3.34 

5 . 

81 .25 

3.34 

6 . 

119.0 

5.2 


Table XIV 


Effect of Nonionic (PPG-3) on Adsorption 
Die ate on Rutile (Direct Adsorption 
at Constant Concentration of Sodium 


of 5 odium 
Method ) 
Olcato 


Concentration of Sodium 
ole ats 

— 23'. 75 x ID 3 moles/lit. 


Concentration of sodium 
0x3 at e 

-5 

= 59.5 x 10 me les/lit . 


Concentration Adsorption 
of non ionic in 

moles/lit. moles/cm^ 


Concentration Adsorption 
of nonionic -j_ q 0 

molcs/lit. moles/cnC 


1 . 

4.89 x 

ID " 5 

2.69 

X 

io - 10 

1 .95 X 10" 5 

3.52 

X 

-ID " 10 

2 t 

7.82 x 

1 D -3 

2.78 

X 

io " 10 

4.89 x 10" 5 

3.65 

X 

IQ - 10 

Ti 

xD 

6 

CD 

X 

io - 5 

3.42 

X 

io - 10 

9.78 x 10" 5 

4.47 

X 

io - 10 

4. 

Nononionic 

2.24 

X 

10- 10 

Nononionic 

3.34 

X 

ID " 10 
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Table XV 


Effect of Nonionic (PPG-4) on Adsorption of Sodium Olcato on 
7 utile (Direct Adsorption Method) at Constant Concen- 
tration of Sodium Qleate 


5 . N . 


Concentration of Sodium 
oleate 


Concentration of sodium 
cleate 


29.75 


1 0 ‘ 


moles/lit. 


59.5 x 10 


-5 


mclrs/iit 


C oncent rat ion 
of n anionic 

molcs/iit . 


Adsorption Concentration Adsorption 
in 2 of nonicnic in 2 

moles/cm moles/lit. moles /cftT 


5.75 

X 

io " 5 

2.25 

X 

10" 

■10 

5.75 x 10~ 5 

3.71 

X 

10 " 

1 0 

1 .43 

X 

i o " 4 

2,45 

X 

1 o" 

10 

1.43 x 1 G" 4 

3.79 

X 

10" 

10 

2.87 

X 

10~ 4 

2.72 

X 

10 “ 

10 

2.87 x 10" 4 

4.18 

X 

10 ” 

10 

No nonionic 

2.24 

X 

1 0 " 

1 0 

Nu nonicnic 

3.34 

X 

10 " 

■10 
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T ablo XVI 

? r . c i T ic Conductivity Data for Sodium Dodecyle Benzene 
Sulfonate (Na-DBS) Alone end in Presence of Nonionic 

( PP G-4 ) Surfactant 


Solution of No-DB5 Alone Concentration of Nonionic 

-5 

1 0 moles /lit . 

Concentration Specific Concentration Specific 

of Na-DBS Conduc- of Na-DBS Conductance 

Molcs/lit. tanco^ xIO 4 *^ moles/lit, x1D + ^ mhos 

v i rf 3 xtO> mhos. cm 

x i u cm - 1 


1 . 

4.13 

72.22 

3.97 

72.2 2 

2 . 

3 . 54 

62.91 

3.40 

63.41 

<-* • 

3.09 

5 5.72 

2.98 

56.52 


2.75 

52.00 

2.65 

51.32 

5 . 

2.47 

47.56 

2.38 

46.43 

6 . 

2.06 

40.41 

2.17 

43.10 

7 . 

1.90 

3 7.50 

1.98 

39.30 

8 . 

1 . 77 

35.14 

1 .83 

37 . U 

9 . 

1 . 65 

33.05 

1 .70 

34.52 

1 □. 

1 .55 

30.95 

1 .59 

32.64 

1 1 . 

1.45 

29.10 

1 .49 

30.71 

1 2 . 

1.37 

27.66 

1 .40 

28.89 
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Concentration of 

N onion ic 



3 . M . 

1 0 ^ moles/ lit 0 

1 0 3 moles/ lit . 

1 0 mole 

s/lit. 


Crnccntra- 
tion cf 

Na-DBS 

x 10 +3 
moles/ lit . 

Spec if ic 

C enduct anc e 

x IQ* 3 mhos 
cm - "' 

C oncen- 
t rat ion 
of N a-DB5 

x 1 0 +3 
moles/ lit . 

Specif ic 
conduc- 
t ar.ee 

x 10 +5 
mhos 

Concen- 
tration 
of Na-DBS 
-i-3 

x ID 

moles/ lit. 

Specific 

C end uo c an 
, ^ + 5 

X 1 J 

mhos .. 
c m~ 

1 . 

4.0 8 

77.23 

4.09 

69.65 

5.206 

88.64 : 

2 . 

3.50 

6 8.40 

3.50 

63.94 

4.4 6 

7 3.0 

3 . 

3.06 

60.94 

3.06 

57.35 

3.94 

69.65 , 

4 * 

2.72 

54.93 

2.72 

52.35 

3.47 

63.41 ' 

J . 

2.45 

50.65 

2.45 

47.56 

3.12 

17.35 

r 

D 0 

2.04 

42.86 

2.23 

43 . 82 

2.84 

52.70 

7. 

1.88 

39.80 

2.05 

40 . 62 

2.60 

49.37 

8. 

1 .75 

37.50 

1 . 88 

37.68 

2.40 

4 5.88 

a 

- / • 

1 .63 

35.30 

1.75 

35.45 

2.23 

42.86 

10 . 

1 .53 

33.30 

1.64 

33.34 

2.00 

40.62 

1 1 . 

1 .44 

31 .20 

1 .53 

31.45 

1 .95 

38.24 

12 . 

1.36 

2 9.55 

1.44 

29.55 

1.56 

31 .44 



Table XVII 


1 79 


Specific Conductance Value of Ma-DBS Solution in Presence 
of Nonionic (FPG— 3) 5urf actant 


C onccnt ration 

of nonionic 

C one entr ati on 

of non i *nic 

=10 moles/lit . 

-4 

= 1 □ males/lit > 

C onccnt rati _n 
of I\1 a-DBS 
moles/ lit 

x 1 0 + 3 

Specif ic 
Conduct ance 

mhos x 1 

c m 

C one o ntr at ion 
of Na-DB5 

moles/lit . 

x 10 +3 

Specific 

C onduct -nee 
+ 5 

mhos x 10 

a 

c m~ * 

- -25 

73 .58 

3.97 

72.2 2 

3.64 

66.10 

3.40 

63 . -i 1 

3.19 

59.09 

2.98 

56.52 

2.03 

53.79 

2.65 

51.32 

2.55 

49.06 

2.382 

'6.71 

2.32 

44.33 

2.17 

■,?. 0.6 

2.13 

41 .49 

1.98 

-0.0 0 

1.9 6 

3 8.42 

1 . 33 

3 7 . '1 4 

1 .02 

36.20 

1 .70 

34.51 

1 . 60 

32.23 

1 . 49 

30.47 

1.50 

30.47 

1 .40 

2 3 . o 3 

1 .41 

20.68 

1 .32 

27.00 
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Table XVII Contd* . . 


5 , .\1 . 


Concentration of 
nonionic 

= 1 molcs/lit. 


Concentration of 
n onion ic 

-2 

= 10 moles/lit. 


- one on- Specific 

oration c undue t an ce 

of Na-DBS . ^+5 

mhos x 

molos/lit. -1 
errr 


10” 


C oncentra- 
tion of 
Na~D3 5 

moles/lit 

+3 

x 10 


Specific 
c c nd ce t anc e 
mhos x 1 0 + ^ 

cm 


1 . 

3.79 

68.42 

3.96 

70.27 

2 . 

3.25 

60. 00 

3.40 

6 1 . ^2 

3 . 

2 . 84 

53.79 

2.93 

5 5.32 

4 . 

2.53 

43.75 

2.65 

50.00 

5 . 

2.27 

43 . 82 

2.38 

4 5.35 

6 . 

2 . 97 

40.63 

2.17 

41 .71 

7 . 

1 .90 

37 . 68 

1.98 

39.00 

8 . 

1.75 

35.14 

1 . 83 

3 6.28 

9 . 

1 .62 

32.77 

1,70 

34.06 

1 0 . 

1 . 42 

29.10 

• 1.49 

30.00 

1 1 . 

1 .34 

27.27 

1.40 

28.16 

12 . 

1.26 

25.83 

1 .32 

2 6. 62 
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Table 

XVIII 





^/\Tg V al 

ues of 

Low Molecular Wei 

ght donionic (FPG-3) 





Mic elle 







djn 

dc 

= 1.34 x 

-2 

10 cc 

/ gm. 


H 'in 

A n n 1 p 


HO/^S, Tq\J aluc 

o moles 

/ g m x 10 

5 



9 1 \ i i „I_ w 

1 .9877 

C onccntr at 
1 . 54 66 

ion of nonionic 
1.1595 0.8696 

gm/cc x 1 02 
0.6957 1 

1.5 79 0 

i . 

45° 

0.99 

1.079 

1.11 

1 .1 8 

a n n 

1 * Jc 

1.35 

-- • 

5 0° 

1.11 

1.19 

1 .22 

1 .23 

1 . -i3 

1 .50 

3 . 

55° 

1 .23 

1 .33 

1 .33 

1 .43 

1.56 

1.58 

4. 

60° 

1 .35 

1 .45 

1.47 

1 .55 

1 .70 

1.77 

5 . 

65° 

1 . 52 

1 .65 

1 .66 

1 .77 

1 .95 

1.99 

6. 

70° 

1 . 69 

1 . 83 

1 .86 

1 .98 

2.18 

2.22 

7. 

75° 

1 . 00 

2.04 

2.03 

2.17 

2.37 

2.43 

u . 

30° 

2.07 

2 .24 

2.24 

2.39 

2.65 

2.69 

Q 

y » 

35° 

2.26 

2.45 

2.46 

2.63 

2.90 

5 . 04 

i Q . 

90° 

2.52 

2.74 

2.72 

2.93 

3.24 

3 . 4 0 

1 1 . 

95° 

2.00 

3.05 

3.01 

3.29 

3.69 

3.91 

1 2 . 

100° 

3.08 

3.36 

3.42 

3.50 

4.06 

4.32 

13. 

105° 

3.29 

3.59 

3.58 

3.73 

4.20 

4.54 

14. 

110° 

3.58 

3.93 

3.86 

4.06 

4.71 

5.05 

15. 

1 15° 

3 . 84 

4.23 

4.27 

4.47 

5.11 

5.55 

16. 

120° 

4,1 5 

4.65 

4.83 

5.06 

5.93 

6.40 

17. 

125° 

4.55 

5.15 

5.06 

5.18 

6.37 

7.1 0 

1 6 . 

1 30° 

4.88 

5.43 

5.1 7 

5.47 

6.87 

7.46 

19. 

135° 

5.29 

5.89 

5.62 

5.69 

8.49 

10.1 
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HC 

//± Tq Values 

of High 

Molecular' Weight 

N on ion ic 

( P r G-4 ) 




M ice 1 1 

8 






dn . 

"dc “ 

.48 x 10' 

-2 . 
cc/gm. 


5 . N . 

Angle — - 

1 

HC 

V al ues 

Moles/ 

gm x 1 0 5 


C oncentration 
.4102 1.1538 

□ f nonionic gm/cc 
0.9066 0.7051 

x ,G 2 

0.5288 

1 . 

45° 

0.88 

0.960 

1.00 

1 .02 

1.05 

2 . 

50° 

1 .04 

1.10 

1.16 

1 .22 

1.22 

3. 

55° 

1 .21 

1 .28 

1.36 

1 .42 

1 .48 

4 „ 

60° 

1 .37 

1 .48 

1 .55 

1.. 61 

1 .69 

5. 

65° 

1 . 55 

1 . 69 

1.78 

1 . 83 

1.96 

6. 

70° 

1 . 83 

1.98 

2. 07 

2.19 

2.30 

7 . 

75° 

2.11 

2.25 

2.38 

2 .52 

2.64 

P. 

80° 

2.35 

2.52 

2.75 

2.81 

3.19 

r. 

85° 

2.56 

2 .90 

3.14 

3.32 

3.75 

1C. 

90° 

2.89 

3 . 22 

3.50 

3.7* 

4.22 

11. 

95° 

3.32 

3. 65 

4.03 

4.32 

5.01 

12 . 

1 0 0° 

3.78 

4.14 

4.60 

4.98 

5.95 

13. 

1 05° 

4.05 

4.43 

4.94 

5.19 

6.16 

1 -< . 

110° 

4.47 

4. 82 

5.42 

5.64 

6.5 0 

1 5 . 

115° 

4.87 

5.30 

5.88 

6.27 

7.22 

1 6. 

120° 

5.29 

5.83 

6.57 

6.84 

8.40 

1 7. 

125° 

5.78 

6.37 

6.79 

7.25 

8.58 

1 0. 

130° 

5.89 

6.52 

7.03 

7.11 

8.56 

19. 

135° 

6.55 

7.17 

7.50 

7.72 

9.39 



T able XX 


1 83 


HC/Atq Value of Sodium Dodecyl Benzene Sulfonate (Na-DbS) 

Micelle 


= 1.36 x 10 ^ cc/gm 




HC/at 

■q V alues 

moles/ gin 

x 1Q‘ X 


q M n 

An - lc 






C once 

nt r at ion 

of Na-DBS 

gm/cc 

9 

x i ir 



2.2951 

1 .7850 

1 . 3387 

0.8925 

Q 8 5r50 

1 . 

45° 

0.131 

0.140 

0.184 

0 . 2 O' 0 

0 239 

2. 

e0° 

0.151 

0,158 

0.201 

0.220 

0.256 

3, 

55° 

0.1 70 

0.177 

0.223 

0.222 

0.253 

4. 

60° 

0.187 

0.195 

0.235 

0.23 9 

0.2 79 

5 . 

' 65° 

0.195 

0.202 

0.236 

0.2 40 

0.277 

6 „ 

70° 

0.203 

0.210 

0.240 

0.247 

0.282 

7 . 

75° 

0.207 

0.219 

0.245 

0.256 

0.296 

u . 

80° 

0.217 

0.224 

0.243 

0.256 

0.290 

9 . 

35° 

0.218 

0.224 

0.247 

0.2 62 

0.29 4 

10. 

90° 

0.223 

0.230 

0.257 

0.260 

0.297 

i 1 . 

95° 

0.227 

0.2 34 

0.262 

0.2 65 

0.334 

12. 

100° 

0.233 

0.240 

0.256 

0.274 

0.316 

1 3 . 

105° 

0.238 

0.249 

0.276 

0.303 

0.354 

1 4 . 

1 10° 

0.250 

0.252 

0.288 

0.304 

0.373 

15. 

1 15° 

0.254 

0.257 

0.3 04 

0.31 5 

0.3 73 

16. 

120° 

0.2 63 

0.274 

0.309 

0.329 

0. -21 

17. 

125° 

0.266 

0,278 

0.313 

0.337 

0.432 

1 5. 

130° 

0.277 

0.27 8 

0.322 

0.351 

0.445 

19. 

135° 

0.28 0 

0.294 

0.331 

0.361 

0.495 
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Table XXI 


Ef fee 

t of Na-DBS 

(Concentration 2. 

5 5 x ID” 

5 mcles/ 

lit ) 


On 

HC /A X0 Val 

ues of High Haleru 

1 ar W e i g 

h t N c n - 




i u 

nic (PRG-4 

) Mice 11 

G S 







d n 
dc 

1 .34 x 

10^ cc/g 

m 


b » !\1 0 . 

Ann 1 p 

HC/A 

Tq Value 

5 

s moles/gm x IQ 




ru i y 1 1 j 

C once ntration 

of Non in nic gm/cc x It. 

2 

j 



1 . 3637 

1.1717 

.9113 

. 7457 

. 5858 

» 45^; 6 

1 . 

45° 

0.89 

0.89 

0.89 

0.90 

0.90 

0.94 

2 . 

50° 

1 . 05 

1.07 

1. 06 

1 . 08 

1.13 

1.19 

3. 

55° 

1 .21 

1 .23 

1 .21 

1 .22 

1 .27 

1.46 

4. 

60° 

1 .36 

1 .45 

1 .40 

1 .47 

1.61 

1 . 78 

5. 

65° 

1.54 

1 . 60 

1 .56 

1 .62 

1 . 73 

2.13 

n , 

70° 

1.63 

1.73 

1. 72 

1 .79 

2 .09 

2.40 

7. 

75 ° 

1.71 

1 .90 

1.87 

1 .94 

2.26 

2.43 

8. 

80° 

1 .90 

2.19 

2.1 1 

2.2 

2.34 

2.60 

9. 

85° 

2.04 

2.26 

2.26 

2.5 

2.61 

2.78 

10. 

90° 

2.19 

2.52 

2.49 

2.75 

2.82 

3 .19 

11 . 

95° 

2.32 

2.73 

2.73 

3 .03 

3.12 

3.59 

1 2 „ 

1 00° 

2.39 

2,84 

2.84 

3 .03 

3.15 

3 . 37 

13. 

1 05° 

2.58 

3.11 

3.01 

3.24 

3.36 

3 . 65 

14. 

110° 

2.66 

3.21 

3.19 

3.30 

3.34 

3.59 

15. 

1 1 5° 

2.59 

3.15 

2.86 

2.0 0 

2.87 

2 . 85 

1 6. 

120° 

2.69 

3.15 

2.56 

2.69 

3.23 

3.00 

17. 

125° 

2.72 

3.28 

3 . 0-, 

2.97 

3.64 

3.29 

1 8. 

1 30° 

2.63 

3.07 

2.75 

2.5 6 

2.70 

2.23 

19. 

135° 

2.60 

2.98 

2.59 

2.30 

2.69 

2.53 
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— 5 

Effect of Nd-DB5 (Concentration -5x10 moles/lit.) on 
HC/^-Ug Values of High Molecular Weight N anionic 

(PF'G-4) Micelle 





d n 

dc ” 

1 .28 x 

1 0 - ^ cc/g 

m. 




HC/^Tq Values moles /gm x 

5 

1 0 


S M r- 

Angle 







-3 * J J a 

Non ionic 

Concentration gm/ 

c c x 10^ 




1 . Q6 6 

0.91 37 

0.7106 

0.5814 

0,4568 

0.3553 

i . 

45° 

C.63 

0. 63 

0.65 

0.67 

0.67 

0.77 

— i 

^ . 

50° 

0.67 

0.66 

0.67 

0.67 

0.70 

0.72 

3. 

55° 

0.73 

0.72 

0.73 

0.73 

0.72 

3.79 

4 . 

60° 

0.79 

0.79 

0.76 

0.78 

0.73 

0.33 

5 _ 

65° 

0.88 

0.87 

0.86 

0.87 

0.36 

0.95 

6. 

70° 

0.96 

0.93 

0.92 

0.93 

0.92 

1 .01 

7. 

75° 

1 .02 

1 .01 

0.99 

1.00 

0.96 

1 .07 

8. 

00° 

1.12 

1 .12 

1 .10 

1 . 00 

1.04 

1 .20 

9 . 

85° 

1.25 

1 .25 

1 .24 

1.23 

1.10 

1.35 

in. 

9Q° 

1.36 

1 .34 

1 .33 

1.30 

1 .25 

1 . 5" 

1 1 . 

9 5 u 

1.43 

1.41 

1 .40 

1 .34 

1 .28 

1 . 53 

12. 

1 00° 

1.43 

1 .45 

1 .41 

1.32 

1 .21 

1.5 

13 . 

1 05° 

1 .45 

1 .54 

1 .50 

1 .36 

1 .28 

1.50 

1 4 . 

110° 

1 .64 

1 . 60 

1 .64 

1 .51 

1 .46 

1 . 81 

15. 

1 1 5° 

1 .87 

1 . 83 

1.77 

1 .64 

1 .53 

1.93 

16. 

1 2C’ 

2.01 

1.98 

1 .95 

1 .76 

1.66 

2.25 

17. 

125° 

2.06 

2.10 

2.15 

1 .83 

1 .76 

2.33 

18. 

1 30° 

2.10 

2.15 

1 .97 

1 .83 

1 .65 

2.3 6 

19. 

1 35° 

2.23 

2.2 

2 .08 

1 .36 

1 .70 

2.41 
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T able XXIII 

Effect of Na-DBS (Concentration = 5 x 1G” J moles/lit) on 
HC/H'Cq Values of Low Molecular Weight (PF’b-3) 

N onion ic Micelle 

bn . , , -2 , 

t~ = 1,1 x 10 cc/gm 


.No. Angle 


HC/J\T0 Values Moles/gin x 10' 


Concentration of Nonicnic gn/cc x 10 
1 .2123 1.0391 0.G082 0.6612 0.5195 0. <40-11 


1 . 

45° 

0.40 

0.40 

2. 

50° 

0.46 

0.46 

3. 

55° 

0.53 

0.53 

4. 

60° 

0.59 

0.60 

5. 

65° 

0.67 

0.67 

6 . 

70° 

0.75 

0.75 

7. 

75° 

0.03 

0. C4 

1 -» « 

30° 

0.92 

0.94 

9. 

05° 

1 .03 

1 ,G«, 

1 O . 

90° 

1.13 

1.15 

1 1 . 

95° 

1 .23 

1.25 

12. 

1 00° 

1 .33 

1 .33 

13. 

105° 

1 .44 

1 .46 

14. 

1 10° 

.54 

1 . 55 

15. 

115° 

1 .62 

1 . 64 

16. 

1 20° 

1 . 01 

1 . 09 

17. 

1 25° 

1 .91 

2.02 

1 b. 

130° 

1 .94 

2.02 

19. 

135° 

1 .07 

2.14 


0.44 

0.44 

0.48 

0.49 

0.49 

0.52 

0.50 

0.54 

0.56 

0.5 0 

0.63 

0.60 

0.63 

0.65 

0.67 

0.70 

0.72 

0.74 

0.77 

0.7C 

0.30 

0.02 

0.04 

0.37 

0.91 

0.91 

0.96 

1.00 

1 .02 

1 .04 

1,11 

1.12 

1.12 

1.19 

1 .2 3 

1 .31 

1 .26 

1 .27 

1.3 6 

1 .46 

1 .30 

1 .41 

1 .49 

1 .62 

1 .47 

1 .54 

I . 63 

1.73 

1.60 

1 . 74 

1.78 

2.02 

1 .74 

1 . 01 

1.87 

2.01 

1 . 05 

1 .06 

2.11 

2.27 

2.16 

2.25 

2.41 

n -7 A 

9 I “ T 

2 .24 

2.59 

2.56 

2.92 

2.27 

2,34 

2.62 

2.02 

2.22 

2.29 

2.33 

2.62 
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Effect ef i'\i a— DB 5 (Concentration = 6.5 x 10”^ moles/lit.) on 
HC/^Tq Values of Low Molecular Weight Nonionic (PPG-3) 

Micelle 

4~ = 1.3 0 x 10”^ cc/gm. 


HC/7\.Tg V alues moles/gm x 10^ 

5. No. Angle — — — 

Concentration of Non ionic gm/cc x 10 




1.6710 

1 .4322 

1.1140 

0. 0355 

0.6266 

G .4557 

1 . 

45° 

0.33 

0.32 

0.31 

0.31 

0.31 

0.30 

2 . 

50° 

0.42 

0.40 

0.37 

0.30 

0.37 

0.37 

3 . 

55° 

0.49 

C.4 5 

0.44 

0.46 

0.45 

0 . 44 

4. 

60° 

0.57 

0.57 

0.53 

0.55 

0.54 

0.54 

5 

65° 

0.67 

0.66 

0,62 

0.65 

0.66 

0.63 

6 «, 

70° 

0.78 

0.75 

0.73 

0.76 

0.76 

0.73 

7. 

75° 

0.89 

0.06 

0.02 

0 . G4 

0.0*4 

G . 32 

G * 

CQ° 

1 .01 

0.97 

0.94 

0.96 

0.97 

0.95 

9 . 

05° 

1.13 

1.10 

1 .05 

1 .07 

1 .1 1 

1 * U £- 

1 0. 

90° 

1 .22 

1 .20 

1.15 

1.17 

1 .1 0 

1 .1 3 

11 . 

95° 

1 .35 

1.35 

1.32 

1.36 

1 .33 

1.34 

1 2 . 

1 00° 

1 .50 

1 . 53 

1 .40 

1.57 

1.60 

1 .50 

1 3 . 

1 05° 

1 .62 

1 .65 

1 .60 

1.72 

1.76 

1.71 

1 4. 

1 1 0° 

1.75 

1 . 02 

1 .71 

1 . 33 

1 .90 

1 . 05 

15. 

1 15° 

1 .07 

1 .94 

1 .05 

1.96 

2 .02 

2.02 

16. 

120° 

2.01 

2.00 

2.01 

2 .10 

2.22 

2 . 2 

17. 

125° 

2.07 

2.26 

2 .10 

2,19 

2.30 

2.33 

1 0 . 

130° 

2.16 

2.26 

2.1 6 

2.3 6 

2.4 0 

2.30 

1 9 . 

135° 

2.21 

2.40 

2.27 

2.49 

2.44 

2.49 



On 



51. No. Anqlt 


Pure P t 0-3 
Sysrem 


Values (Particle Scattering 
F ac t o r ) 

In Presence of Na-DB5 
Concentration of Na-DB5 
moles/ lit , 

r- A i-l U r-1 r- A r-, ■" 


5 X 10 


i. 5 x 10 


1 . 

45° 

3,25 

4. GO 

G . 0 0 

9 

50° 

3.50 

9.60 

9.72 

3 . 

55° 

3. 07 

6.40 

1 1 .25 

*■ *■ • 

60° 

4.20 

7.40 

13.00 

r 

-» » 

65° 

4.65 

0.40 

1 5.75 

6 * 

7Q C 

5.40 

9.40 

10.00 

7 

i * 

75° 

5.95 

10.60 

2 1 . 0 u 

9 

u3 

n 

6.55 

11 .00 

23.50 

9 9 

35° 

n 

7.05 

12 . 00 

25.20 

IQ. 

90 

7.00 

14.00 

20.25 
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Table XXVI 

Perticle Scattering Factor (p-’eJValues of High Molecular 
Weight Non ionic (PPG-/]) Micelle 


51. N: 


Angle 


,-1 


© Values (Particle Scattering 
Factor) 


Pure 

PPG-4 


In Presence of Na-DBS" 
Concentration of No-DBS 
moles /lit. 




System 




- 

2.55 x 10 

5 x 1 

1 . 

45° 

3.00 

4.00 

6.25 

2 . 

5 L’ Lj 

4 . 40 

4 . 01 

7.75 

3. 

55° 

5.40 

5.45 

0.5 1 

4. 

60° 

6.25 

6.36 

9.75 

5. 

65 ,J 

7.20 

7.09 

10. 75 

6 . 

70° 

0.40 

0.00 

12.25 

7. 

75° 

9.46 

0.02 

13 .75 
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Table XXVII 

Effect of Sodium Oleate (Concentration = ID -5 moles/lit.) 
On HC /k%Q Values of Low Molecular Weight Nonionic 

(PPG-3) Micella 


4r = 1.21 x 10 -2 cc/gm. 


5.N. 

Angle 

HC/£ig 

V al ues 

mole s/gm 

x 10 5 


Concentration of Nonionic g rn/i 
0.6256 0.5362 0.3412 0.2674 

c c x 10" 

0.2088 

A 

i „ 

45° 

0.36 

0.42 ; 

0.35 

0.36 

0.39 

9 

«► 

50° 

0.41 

0.46 

0.39 

0.38 

0.41 

3. 

55° 

0.46 

0.51 

0.44 

0.42 

0.46 

/[ 

60° 

0.50 

0.55 

0.47 

0.44 

0.47 

5 . 

65° 

0.56 

0.64 

0.52 

0.52 

0.54 

6 . 

70° 

0.64 

0.69 

0.59 

0.55 

0.60 

7. 

75° 

0.72 

0.79 

0.65 

0.62 

0.64 

0 . 

80° 

0.77 

0. 83 

0.70 

0.67 

0.70 

9 . 

85° 

0.85 

0.94 

0.76 

0.75 

0 . L 1 

10. 

90° 

0.89 

0.97 

0.79 

0.78 

0.81 

1 1 . 

95° 

0.95 

1 .04 

0. 83 

0.83 

0.85 

12. 

100° 

1.00 

1.10 

0.90 

0.88 

0 . 9 1 

1 3 . 

105° 

1 . Q6 

1.16 

0.95 

0.91 

0.9 6 

1 4. 

110° 

1 .10 

1 .24 

0.99 

0.96 

1 .03 

15. 

1 1 5° 

1 .21 

1 .32 

1 .04 

1.06 

1 ,05 

16. 

120° 

1 .24 

1 .40 

1 .13 

1 .1 5 

1.11 

1 7. 

125° 

1 .30 

1 .44 

1 .13 

1 .07 

1.06 

18. 

1 30° 

1.33 

1 .46 

1 .16 

1.09 

1.20 

19. 

135° 

1 .33 

1 .48 

1.21 

1.1 3 

1 .19 
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Effect of 5 0diuI „ Oleatc (Concentration 


5 x 1 


0 moles/1. 


/Ax e Values of Low Molecular Weight fJomonic 


( PP G~3 ; Micel lc 





dn 

dc 

1 .1 9 x 

1 0 ^ cc 

/ g m . 





Values MolGs/qm„x 

1 3 h 

— - 

? • N . 

Anglo 










c oncentrat 

i on of 

N onion i; 

o gm/cc 

x 1 1T 

- — o 


1.8555 1.5904 

1.123 

1.012 

0.79 5 

0.61 0 

1 . 

, r 0 

H 5 

0.52 

0.48 

0.38 

0.31 

0.26 

0.20 

2 . 

5 0° 

_ r . n 

0.62 

0.57 

0.45 

0.38 

0.32 

0.23 

n 

55 

0.74 

0.68 

0.55 

0.47 

0.39 

* — ) 0 W 

4 

6U° 

0.86 

0.82 

0.66 

0.58 

0.49 

L) , < 

5 . 

65° 

1 . 02 

0.99 

0.81 

0.72 

0.61 

0.52 

6 . 

70° 

1 .21 

1.13 

0.97 

0.87 

0.76 

0. 6-t 

7 . 

75° 

1 .43 

1 .40 

1.18 

1 . 04 

0.92 

0.78 

3. 

80° 

1 .68 

1.64 

1 .38 

1 .23 

1 .09 

o. : a 

9 . 

05° 

1 .94 

1 . 90 

1.63 

1 .47 

1 .11 

1.13 

1 0. 

90° 

2.21 

2.20 

1.90 

1. 71 

1 .51 

1.3' 

1 1 . 

n r O 

9 3 

2.53 

2.54 

2.19 

1 .99 

1.76 

1.5', 

12. 

1 00° 

2.86 

2.89 

2.53 

2.27 

2.01 

i - 7 ; 

13. 

1 05° 

3.17 

3.27 

2.86 

2.57 

2.28 

2.03 

14. 

1 10° 

3.47 

3.66 

3.17 

2.89 

2.56 

2.2 j 

15. 

1 1 5° 

3.91 

4.05 

3.55 

3.19 

2.37 

2.5 6 

16. 

1 20° 

4.30 

4.48 

3.98 

3.56 

3.19 

2.86 

17. 

125° 

4.66 

4.93 

4.42 

4.07 

3.68 

3.2b 

18. 

1 30° 

5.19 

5.72 

5.03 

4.73 

4.06 

8.90 
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Table XXIX 

Effect of Sodium Gleate (Concentration = 1 0~ moles/lit.) 
On HC/Xtq Values of Low Molecular Weight Nonionic 

(PPG-3) 

4r = 1.2x1 0" 2 cc/gm. 


o . N . 

Gnglu. 

HC/^Tq Values moles/gm x 1 j 

I 6 


2 

Concentration of Nonionic gm/cc x 10 

1.5636 1.3416 1.0435 0.6537 3.6703 0.5212 

1 . 

45° 

0.21 

0.1 9 

0.14 

0.1 2 

0.09 

0.07 

2. 

50° 

0.25 

0.23 

0.18 

0.15 

0.12 

0.09 

3. 

55° 

0.29 

0.27 

0.22 

0.19 

0.15 

0.12 

4. 

60° 

0.35 

0.33 

0.26 

0.24 

0.19 

0.16 

5. 

65° 

0.42 

0.40 

0.33 

0.3 0 

0.24 

3 • *' u 

6 * 

70° 

0.48 

0.45 

0.39 

0.3 6 

0.29 

0.25 

7. 

75° 

0.5 8 

0.57 

0.48 

0.45 

0.36 

0.32 

B. 

80° 

0.69 

0.67 

0.57 

0.54 

0.44 

0.3 0 

Q 

-X a 

85° 

0.80 

0.79 

0.68 

0.6 5 

0 . 52 

0.47 

1 G. 

90° 

0.92 

0.91 

0.80 

0.75 

0.62 

0.55 

1 1 . 

95° 

1 .05 

1 .00 

0.93 

0.87 

0.71 

o. 

12. 

100° 

1 .21 

1 .25 

1 .00 

1 . 02 

0.83 

0.75 

13. 

1 05° 

1 .36 

1 .38 

1.21 

1.15 

0.96 

n q 
• u •* 

14. 

1 1 0° 

1 .56 

1 .61 

1 .41 

1.34 

1 .1 0 

n.9 6 

1 5. 

1 1 5° 

1 .71 

1 .76 

1 .61 

1 . 50 

1 .25 

1.10 

16. 

120° 

1 .95 

2 .01 

1 . 80 

1 .68 

1 .40 

1 .27 

17. 

125° 

2.18 

2 .22 

2.04 

1 .51 

1 . 59 

1 .47 

IB. 

130° 

2.43 

2.55 

2.3-1 

2.37 

1 .87 

1 . 78 

19. 

13 5° 

2.80 

3.10 

2.89 

3.05 

2.2 ;j 

2.35 



Table XXX 


c % 

Effect of Sodium Oleate (Concentration = Id ” moles / li t -^ 
On Values of High Molecular Weight Nonionic 

( PPG - 4) Micelle 

4— = 1.31 x 10 ^ cc / gm . 


5 

HC/Atq Values moles/gm x 10 __ 

S.M, Angle _______ " ~2 

Concentration of Nonionic gm/cc * u 




0.7323 

0. 6199 

0.4822 

0.3945 

0.3 099- 

0,2.' 1 1 

1 . 

45° 

0.60 

0.65 

0.69 

0.68 

0.63 

0.7 i 

2. 

50 u 

0 . 74 

0.77 

0.81 

0.82 

0.77 

0.82 

3 . 

55° 

0.07 

0.91 

0.95 

0.97 

0.9° 

0.9 i ’ 

* ‘ m 

60° 

1 .03 

1 .08 

1.14 

1.16 

1 .03 

1.15 

5. 

65° 

1 .25 

1 .31 

1 .38 

1 . 36 

1 .28 

1.35 

6. 

70° 

1 .47 

1 .54 

1 ,62 

1 .61 

1 .52 

1 .59 

7 . 

75° 

1.73 

1 .78 

1 .89 

1 .87 

1.76 

1 .85 

8. 

80° 

2.01 

2.10 

2.18 

2 .21 

2.07 

2.16 

9 . 

85° 

2.34 

2.45 

2.54 

2.52 

2.36 

2.42 

1 0. 

90° 

2.64 

2.77 

2.87 

2.85 

2.70 

2.73 

1 1 . 

95° 

3.00 

3.14 

3.21 

3.28 

3 . 07 

3,2. 

12. 

1 00° 

3.41 

3.50 

3.70 

3.67 

3.38 

3.53 

13. 

1 05° 

3.78 

3.98 

4.11 

4.16 

3.77 

3.95 

1 4 . 

1 1 0° 

4.20 

4.42 

4.49 

4.4 3 

4.26 

4 .4 1 

15. 

1 15° 

4.62 

4.06 

4.95 

4.95 

4.73 

4.80 

1 6. 

120° 

5.1 0 

5.40 

5. 50 

5.46 

5.1 9 

5.32 

1 7 . 

■ 125° 

5.55 

5.97 

6.35 

6.11 

5. 0 3 

5.77 

1 0 , 

1 30° 

6.08 

6.68 

6.79 

6.81 

6.1 2 

6.56 

1 9. 

135° 

6.81 

7.36 

7.27 

7.76 

6.91 

7.22 
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Effect of Sodium Ole ate (Co nc ent ration — 5 x 10 moles / lit,) 

On HC/^Xg Values of High Molecular Weight Nonionic 

(PPG-4) Micelle 

~ = 1 .20 x 1 D“ 2 cc/gm. 


Valuus ninJcs/gn x 10^ 

5.N. An gib p- 

C oncent rat inn of Nonionic gm/cc x 10** 




1.225 

1 .050 

0. 91 66 

0. 6681 

0.5250 

0 ,4 C s 

A 

1 * 

4 5 ’ J 

0.27 

0.25 

0.21 

0.1 6 

0.1 5 

0.12 

n 

50° 

0.32 

0.30 

0.26 

0.20 

0.19 

0.17 

n 

vJ 

55? 

0.30 

0,36 

0.32 

0.2 5 

0.24 

0.21 

.'1 

* 

60° 

0.46 

0.44 

0.39 

0.31 

0.3 0 

0.27 

5 , 

65° 

0.55 

0.53 

0.48 

0.39 

0.37 

0.35 

r 

0 , 

70° 

0.6 6 

0.63 

0.5 3 

0.4 8 

0.46 

C * *+ 4 

"7 

l « 

75° 

0. 31 

0.77 

0.70 

0.59 

0.57 

0. 54 

u. 

BC° 

0.95 

0.93 

0 . B5 

•J . 72 

0.71 

0.65 

9 • 

nrO 

U 3 

1.11 

1 .08 

1.2 

0.07 

0.C6 

j . Cl 

10, 

9 2° 

1 .29 

1 .20 

1 .22 

1 .04 

1 . 02 

J.54 

11. 

95° 

1. 52 

1 .50 

1 .46 

1 .2 4 

1 .21 

1.13 

12, 

1 00° 

1 .73 

1 .74 

1.70 

1.45 

1.41 

1 .34 

id. 

1 Q5° 

2.02 

2.02 

1 .94 

1 .69 

1 .65 

1.56 

14, 

1 10° 

2.29 

2.29 

2.2 6 

1 .93 

1 .09 

1 .76 

15, 

1 15° 

2.55 

2.60 

2.54 

2.29 

2.13 

2 . 1 

16. 

120° 

2.05 

2.91 

2.95 

2.52 

2.45 

2 .23 

17. 

125° 

3.19 

3 .31 

3.40 

2.95 

2.00 

2.69 

1 J . 

1 30° 

3.63 

3.76 

3.51 

3.51 

3.31 

3.05 

1 9. 

1 35° 

4.1 6 

4.44 

4.77 

4. 40 

3.63 

4 . 2 ; ‘ 
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Table XXXII 


E f f GC t 

of Sodium Oleate 

(C oncent rati on 

= 1 u~ 4 

mcles/lit 

.) 

On 

HC/ Z \ T e 

Values of 

High Molecular 

V J e i n h t 

Non ion ic 



( 

PPG-4) 

Mic ellr 







d n 
dc 

= 1 .25 

x 1 0" 2 

cc/gm. 





HC /ATq Values 

mules/g 

A /-) U 

m x ID 


S . !\l . 

Anglo 


C one ont rat icn c 

:f Ncnionic grr/cc 

x id 2 



1 .456 

1 .240 

0.9700 

0.7941 

0.62 ^ 

r \ 1 i ' LT , 

l«i « *-r L vJ 

1 . 

45° 

0.12 

0.1 1 

0.00 

0.07 

U . 0 6 

0.05 

2. 

50° 

0.16 

0.14 

0.11 

0.1 0 

0.03 

0.0 7 

3 . 

55° 

Q-.20 

0.14 

0.15 

0.13 

0.1 1 

0.10 

4. 

60° 

0.26 

0.24 

0.19 

0.17 

0.15 

0. i 3 

5. 

65° 

0.32 

0.31 

0.25 

0.22 

0 . 2 0 

0.13 

6. 

70° 

0.40 

0.3 0 

0.32 

0.29 

0.26 

0.23* 

7. 

75° 

0.51 

0.4 0 

0.41 

0.3 6 

0.32 

0.2' 

& 

30° 

0.62 

0.59 

0.51 

0.45 

0.41 

0.3 0 

9. 

05° 

0.75 

0.74 

0.62 

J. 55 

0.50 

0.4 4 

1 0 . 

90° 

0.09 

0.07 

0.75 

0.66 

0.60 

o. 

1 1 . 

95° 

1 .05 

1 . 03 

0.09 

0.7G 

0.72 

0.6; 

12. 

1 00° 

1 .23 

1.21 

1 .0-1 

0.91 

0.04 

0.72 

13. 

1 0 5° 

1 .39 

1 .30 

1 .22 

1 .07 

1.97 

C.G2 

1 4 . 

110° 

1 .75 

1 .63 

1 .41 

1 .21 

1 . J 'y 

0.9 3 

1 5. 

1 15° 

1 .00 

1 .03 

1 .59 

1 .33 

1.19 

1 .ub 

1 u . 

1 20° 

2. 04 

2.15 

1 .91 

1.62 

1 .40 

i.15 

17. 

1 25° 

2.33 

2.50 

2.35 

1 .92 

1.59 

1 .34 

1 0. 

130° 

2.76 

3 .30 

2.92 

2 .29 

2.01 

1 .73 

1 ✓ • *- 

1,35° 

3.64 

4.01 

4.77 

3.69 

2.00 

2.3 1 
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